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S U M M A R Y 
T h e p r o p e r t i e s of s o l i d s u r f a c e s a r e u n i q u e l y i m p o r t a n t to m a n y 
a r e a s of s o l i d s t a t e p h y s i c s , and t h e d e v e l o p m e n t of a m e a n s for i n v e s ­
t i g a t i n g s o m e a s p e c t s of s u r f a c e s h a s b e e n one of the m a i n p u r p o s e s of 
t h i s s t u d y . E x p e r i m e n t a l t e c h n i q u e s u s e d i n c l u d e l o w - e n e r g y e l e c t r o n 
d i f f r a c t i o n and l o w - e n e r g y e l e c t r o n s p e c t r o s c o p y , w h i c h i n v o l v e s 
e n e r g y a n a l y s e s of the b a c k - s c a t t e r e d e l e c t r o n s . E s s e n t i a l to the i n t e r ­
p r e t a t i o n of r e s u l t s o b t a i n e d w i t h t h e s e t e c h n i q u e s i s a n u n d e r s t a n d i n g 
of the f u n d a m e n t a l s of the i n t e r a c t i o n s of s l o w e l e c t r o n s w i t h s o l i d s ; 
t h u s , a n i n v e s t i g a t i o n of the e l a s t i c and i n e l a s t i c s c a t t e r i n g p r o c e s s e s 
for t h e s l o w e l e c t r o n s h a s b e e n u n d e r t a k e n . A n a p p a r a t u s h a s b e e n d e ­
s i g n e d and c o n s t r u c t e d w h i c h c a n be u s e d to o b t a i n L E E D p a t t e r n s and 
s e c o n d a r y e l e c t r o n e n e r g y d i s t r i b u t i o n s f r o m the s a m e s u r f a c e s , and 
the a d v a n t a g e s of t h i s c o m b i n a t i o n of t e c h n i q u e s h a v e b e e n d e m o n s t r a t e d . 
F i n a l l y , t h i s m e t h o d h a s b e e n u s e d to s tudy the ( 1 1 0 ) s u r f a c e of a t u n g ­
s t e n s i n g l e c r y s t a l w i t h t h e f o l l o w i n g r e s u l t s : (1) L E E D p a t t e r n s w e r e 
u s e d to i d e n t i f y p r e v i o u s l y r e p o r t e d t w o - d i m e n s i o n a l s t r u c t u r e s for t h e 
s u r f a c e s t a t e s c o n s i d e r e d ; (2) s e c o n d a r y e l e c t r o n e n e r g y d i s t r i b u t i o n 
c u r v e s w e r e o b t a i n e d for the v a r i o u s s u r f a c e s t a t e s and w e r e u s e d w i t h 
L E E D p a t t e r n s to c h a r a c t e r i z e t h e s e s t a t e s ; and (3) the e n e r g y d i s t r i b u ­
t i o n c u r v e s w e r e e x p l a i n e d in t e r m s of i n t e r b a n d t r a n s i t i o n s , p l a s m o n 




The Problem The properties of solid surfaces are uniquely important to many 
areas of solid state physics, but the evaluation of such properties is difficult to achieve because of problems related to the proper charac­terization of experimental surfaces. Few attempts have been made to 
establish a correlation between the surface properties measured and the 
structures and exact compositions of the surfaces; consequently, the re­
sults obtained have often been ambiguous, if not contradictory to similar 
results obtained by other means or in other laboratories. Thus, one of the main objectives of this research has been the development of a tech­
nique which can be used to determine the structure and composition of a 
surface and which can be conveniently coupled with other experiments for the purpose of monitoring the state of a surface while other physical properties are investigated. Two techniques have been considered in the present work: low-
energy electron diffraction (LEED) which involves the elastic scattering 
of electrons in the energy range of about five to 500 electron volts from 
well ordered surfaces; and low-energy electron spectroscopy (LEES) 
which involves energy analyses of the electrons inelastically scattered 
z 
from these surfaces. LEED can be used to determine the two-dimensional structures of clean single crystal surfaces or surfaces with 
ordered adsorbed gas layers. However, because of the dependence on a periodic arrangement of atoms at the surface, this technique can not al­
ways be used to unambiguously determine whether or not a contaminant is present on the surface, and no information is given concerning the 
nature of the contaminant. Inelastic scattering processes, on the other hand, do not depend in detail on surface structures, and the energy dis­tributions of the secondary electrons can be used in addition to LEED patterns for the detection and identification of impurities on or near the 
surface. The data which are made available by this combination of tech­
niques can generally be used to determine the state of a surface, giving information relating to both structure and composition, whereas elastic 
or inelastic measurements taken independently do not permit such a 
characterization. Essential to the interpretation of results obtained with these tech­
niques is an understanding of the fundamentals of the interactions of slow 
electrons with solids. These interactions have been considered previ­
ously from both the standpoints of elastic diffraction and inelastic scat­tering, but the emphasis has been on the scattering of high-energy elec­trons in transmission experiments. Of more interest to the present 
study is the case of low-energy electrons reflected from a surface, and 
an investigation of some aspects of the elastic and inelastic scattering 
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processes for the slow electrons has been included. One of the first problems resolved was the design and construc­tion of the experimental apparatus. The instrument which has resulted 
consists of a post-acceleration type LEED system modified so that both LEED patterns and secondary electron energy distribution curves can be obtained from the same surfaces. Measurements are made in ultra­high vacuum; provisions have been made for obtaining atomically clean 
surfaces and for admitting ultrapure gases for adsorption studies. The experimental sample selected for this study was a tungsten 
single crystal slab, which was cut and polished with flat surfaces paral­lel to the (110) crystallographic planes. The methods described above 
were applied to this sample with the following results: (1) LEED pat­terns were used to identify previously reported two-dimensional 
structures for the surface states considered; (2) secondary electron 
energy distribution curves were obtained for the various surface states 
and were used in conjunction with LEED patterns to characterize these 
states; and (3) the structure observed in these energy distribution 
curves was explained in terms of interband type transitions, plasmon 
excitations and Auger type transitions. The concepts, methods and results which have been summarized here are dealt with at length in the following sections of this disserta­tion. Presented in the remainder of the introduction are some of the historical developments in the fields of LEED and secondary emission, 
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a s t h e y a p p l y to the p r e s e n t s t u d y , and a s u m m a r y of r e s u l t s o b t a i n e d 
in p r e v i o u s i n v e s t i g a t i o n s of t u n g s t e n ; a l s o i n c l u d e d a r e s o m e f u r t h e r 
c o m m e n t s on the c o m b i n a t i o n of t e c h n i q u e s a s u s e d for s u r f a c e s t u d i e s . 
S o m e t h e o r e t i c a l b a c k g r o u n d i s g i v e n in the n e x t c h a p t e r , c o n s i d e r i n g 
s e p a r a t e l y the p r o b l e m s of e l a s t i c d i f f r a c t i o n , c h a r a c t e r i s t i c e n e r g y 
l o s s e s and t r u e s e c o n d a r y e m i s s i o n ; the e m p h a s i s in t h i s d i s c u s s i o n i s 
o n the c a s e of l o w - e n e r g y e l e c t r o n s r e f l e c t e d f r o m a s o l i d s u r f a c e . In 
C h a p t e r III, the a p p a r a t u s i s d e s c r i b e d i n c l u d i n g a d i s c u s s i o n of i n s t r u ­
m e n t a l e f f e c t s and e x p e r i m e n t a l p r o c e d u r e s w h i c h a r e n o w u s e d . T h e 
l a s t c h a p t e r s a r e c o n c e r n e d w i t h t h e a c t u a l d a t a o b t a i n e d f r o m t u n g s t e n 
and t h e i r i n t e r p r e t a t i o n . 
H i s t o r i c a l B a c k g r o u n d 
L o w - E n e r g y E l e c t r o n D i f f r a c t i o n 
L o w - e n e r g y e l e c t r o n d i f f r a c t i o n h a s b e e n w i d e l y a c c e p t e d a s a 
t e c h n i q u e f o r s t u d y i n g s u r f a c e r e a c t i o n s and d e t e r m i n i n g the s t r u c t u r e s 
of s i n g l e c r y s t a l s u r f a c e s . In L E E D s t u d i e s , s a m p l e s a r e b o m b a r d e d 
by a m o n o c h r o m a t i c b e a m of l o w - e n e r g y e l e c t r o n s ; the e l e c t r o n s a r e 
b a c k - r e f l e c t e d and, if the s u r f a c e s a r e w e l l o r d e r e d , c o h e r e n t d i f f r a c ­
t i o n p a t t e r n s a r e f o r m e d . B e c a u s e of the s l i g h t p e n e t r a t i o n of t h e s e 
s l o w e l e c t r o n s , the t e c h n i q u e i s v e r y s e n s i t i v e to s u r f a c e c o n d i t i o n s . 
H o w e v e r , the e x a c t n a t u r e of the s c a t t e r i n g of e l e c t r o n s in t h i s e n e r g y 
r a n g e c a n not r e a d i l y b e p r e d i c t e d by e x i s t i n g t h e o r i e s . M o s t e f f o r t s 
5 
h a v e thus far b e e n l i m i t e d to the d e t e r m i n a t i o n of the s t r u c t u r e s of 
c l e a n s u r f a c e s o r s u r f a c e s w i t h o r d e r e d a d s o r b e d g a s l a y e r s , and r e l a ­
t i v e l y l i t t l e w o r k h a s b e e n a i m e d at an u n d e r s t a n d i n g of the f u n d a m e n t a l 
i n t e r a c t i o n s i n v o l v e d . 
T h e L E E D t e c h n i q u e had i t s b e g i n n i n g a s the r e s u l t of an a c c i ­
d e n t tha t o c c u r r e d in t h e l a b o r a t o r i e s of the W e s t e r n E l e c t r i c C o m p a n y 
1 2 
( n o w the B e l l T e l e p h o n e L a b o r a t o r i e s ) in t h e S p r i n g of 1 9 2 5 . ' A t that 
t i m e C. J . D a v i s s o n and L . H. G e r m e r w e r e c o n t i n u i n g an i n v e s t i g a t i o n 
of the a n g u l a r d i s t r i b u t i o n of s l o w e l e c t r o n s s c a t t e r e d by a t a r g e t of 
p o l y c r y s t a l l i n e n i c k e l . A l i q u i d - a i r b o t t l e e x p l o d e d d u r i n g the c o u r s e 
of the w o r k w h e n the t a r g e t w a s at a h i g h t e m p e r a t u r e , and the e v a c u a t e d 
e x p e r i m e n t a l t u b e w a s b r o k e n . T h e hot t a r g e t w a s h e a v i l y o x i d i z e d b y 
the i n r u s h i n g a i r , and , w h e n the o x i d e w a s l a t e r r e d u c e d b y p r o l o n g e d 
h e a t i n g in h y d r o g e n and v a c u u m , i t w a s found tha t the s a m p l e s u r f a c e 
h a d r e c r y s t a l l i z e d s o that o n l y a f e w l a r g e c r y s t a l l i t e s w e r e p r e s e n t . 
T h e a n g u l a r d i s t r i b u t i o n s of the e l e c t r o n s r e f l e c t e d f r o m the s a m p l e 
a f t e r the r e c r y s t a l l i z a t i o n w e r e m u c h m o r e c o m p l e x t h a n t h o s e c o r r e s ­
p o n d i n g to t h e p o l y c r y s t a l l i n e s u r f a c e ; a l t h o u g h the e f f e c t w a s r e c o g ­
n i z e d a s a c r y s t a l l i n e e f f e c t , the f a c t tha t the e l e c t r o n s w e r e b e i n g dif­
f r a c t e d a s w a v e s w a s c e r t a i n l y not u n d e r s t o o d . H o w e v e r , a s h o r t t i m e 
l a t e r D a v i s s o n , w h i l e on a v i s i t to E n g l a n d , l e a r n e d of L . de B r o g l i e ' s 
h y p o t h e s i s c o n c e r n i n g the w a v e n a t u r e of e l e c t r o n s , w h i c h had b e e n p r o ­
p o s e d i n 1 9 2 4 ; g u i d e d by t h i s t h e o r y , D a v i s s o n and G e r m e r w e r e q u i c k l y 
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able to interpret the observed scattering curves in terms of diffraction 
2 
patterns, experimentally confirming the de Broglie proposal in 1927. The same confirmation was made independently in Britain by Sir George Thompson, and both Thompson and Davisson received the Nobel Prize in Physics for this work. After so important a beginning, the LEED technique did not con­tinue to receive much emphasis as compared with high-energy electron 
3 diffraction, and, except for a few workers (notably Farnsworth at Brown University), little was done with the technique until it was revived 
and improved by Scheibner at the Bell Telephone Laboratories in 1956. In the Davisson and Germer apparatus, the emitted electron cur­
rents were detected by a collector which could be scanned through all 
azimuths and angles. The weighted collector was mounted on a track 
and moved freely under the influence of gravity; the collector could then be made to scan in the one fixed azimuth by changing the attitude of the 
evacuated and sealed-off experimental chamber. The sample was 
mounted on a shaft coupled to an off-axis weight; rotation of the chamber 
about this axis then caused the sample to rotate, and the azimuth relative to the collector could be changed. The system employed by Farnsworth 
similarly used a Faraday collector which could be moved about the 
chamber to record the angular distributions of the electrons. This meas­urement scheme suffered from the disadvantages that details of the dif­fractio  patt rns could be btained only by painstakingly scanning a large 
7 
solid angle with the collector, and the time required for such measure­
ments was usually so long that the surfaces being studied could change 
significantly before the pattern could be mapped out. The combination 
of the poor state of vacuum technology at that time and the laborious 
method of detecting the diffraction patterns severely limited the useful­
ness of LEED in these earlier experiments. Scheibner, being concerned about the influence on the electronic 
surface states of the atomic arrangements at the surfaces of semicon­ductor crystals, became interested in LEED as a tool for investigating 
such surface problems. Using the post-acceleration scheme described 
4 5 by Ehrenberg, he developed the LEED apparatus which has formed the basis for the experimental systems now commonly used. Scheib­
ner's method differed from that described above in that the diffraction patterns were visually displayed by collecting the elastically scattered 
electrons in a reasonably large solid angle on a fluorescent screen 
rather than using a Faraday collector to obtain the angular distributions. Several advantages were realized by this design: the data obtained was 
now more analogous to x-ray data in that a larger number of reflections 
could be observed simultaneously; the constant display of a large portion 
of the diffraction pattern made it possible to follow dynamic changes in the surfaces which influenced these patterns; reflections not along the 
major azimuths are displayed which might be missed in experiments in­
volving scans along these azimuths. 
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O n e o f t h e e x p e r i m e n t a l L E E D t u b e s u s e d b y S c h e i b n e r i s s h o w n 
i n F i g u r e 1 ( a ) . T h e t u b e w a s c o n s t r u c t e d o f g l a s s , a n d t h e o p t i c s c o n ­
s i s t e d o f a n e l e c t r o n g u n , t w o p l a n a r m e s h g r i d s , a n d a f l u o r e s c e n t 
s c r e e n d e p o s i t e d o n g l a s s . T h e p a t t e r n s c o u l d b e v i e w e d o r p h o t o g r a p h e d 
t h r o u g h a s i d e w i n d o w b y m e a n s o f a m i r r o r o r i e n t e d a t 4 5 d e g r e e s t o t h e 
f l u o r e s c e n t s c r e e n . T h e o p e r a t i o n o f t h i s i n s t r u m e n t c a n b e u n d e r s t o o d 
b y c o n s i d e r i n g t h e s c h e m a t i c d i a g r a m o f F i g u r e 1 ( b ) . E l e c t r o n s e m i t t e d 
f r o m t h e c a t h o d e a r e a c c e l e r a t e d t o a b o u t 1000 e v , f o c u s e d i n t o a w e l l -
d e f i n e d b e a m , a n d t h e n d e c e l e r a t e d t o t h e i r f i n a l l o w e n e r g y i n t h e d r i f t 
t u b e . T h e b e a m s t r i k e s t h e c r y s t a l s u r f a c e a t n o r m a l i n c i d e n c e , a n d a 
p o r t i o n o f t h e b a c k - r e f l e c t e d e l e c t r o n s a r e c o l l e c t e d b y t h e f l u o r e s c e n t 
s c r e e n . T h e f i r s t g r i d i s o p e r a t e d a t t h e s a m e p o t e n t i a l as t h e c r y s t a l 
a n d t h e d r i f t t u b e s o t h a t t h e d i f f r a c t e d e l e c t r o n s m o v e i n a f i e l d - f r e e 
s p a c e . T h e s e c o n d g r i d i s o p e r a t e d a t a b o u t c a t h o d e p o t e n t i a l i n o r d e r 
t o e l i m i n a t e f r o m t h e o b s e r v e d p a t t e r n m o s t o f t h e e l e c t r o n s w h i c h a r e 
i n e l a s t i c a l l y s c a t t e r e d . B e t w e e n t h e l a s t g r i d a n d t h e f l u o r e s c e n t s c r e e n 
i s a l a r g e p o s i t i v e p o t e n t i a l ; e l e c t r o n s w h i c h h a v e s u f f i c i e n t e n e r g y t o 
o v e r c o m e t h e s u p p r e s s o r p o t e n t i a l a r e t h e n a c c e l e r a t e d t o e x c i t e t h e 
p h o s p h o r o n t h e f l u o r e s c e n t s c r e e n . 
S u b s e q u e n t r e d e s i g n s o f t h e L E E D a p p a r a t u s h a v e r e s u l t e d i n 
o n l y m i n o r i m p r o v e m e n t s . T h e e x p e r i m e n t a l t u b e w a s c h a n g e d so t h a t 
t h e p a t t e r n s c o u l d b e v i e w e d d i r e c t l y f r o m t h e f r o n t s i d e o f t h e f l u o r e s ­
c e n t s c r e e n r a t h e r t h a n t h r o u g h t h e 4 5 d e g r e e m i r r o r . ^ T h e p l a n a r 
Figure 1. (a) Glass Encapsulated LEED Optics Used by Scheibner (b) Schematic Diagram of LEED Optics. 
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g r i d s and f l u o r e s c e n t s c r e e n w e r e r e p l a c e d by a s p h e r i c a l g r i d and 
s c r e e n a s s e m b l y w h i c h s u b t e n d e d about o n e t h i r d of a h e m i s p h e r e . A s 
t h e s e c h a n g e s w e r e b e i n g m a d e , s o m e e l e m e n t s of t h e e l e c t r o n o p t i c s 
w e r e a l s o i m p r o v e d , but the c o n c e p t of the i n s t r u m e n t h a s r e m a i n e d t h e 
s a m e . 
L E E D h a s n o w b e e n u s e d in the e x p e r i m e n t a l s o l u t i o n s of a l a r g e 
n u m b e r of s u r f a c e p r o b l e m s , and m u c h d a t a h a v e b e e n c o l l e c t e d f o r 
m e t a l , s e m i c o n d u c t o r and i n s u l a t o r c r y s t a l s u r f a c e s . It h a s b e e n s h o w n 
f o r m a n y m e t a l s tha t t h e a t o m i c a r r a n g e m e n t s for t h e c l e a n s u r f a c e s a r e 
not a p p r e c i a b l y d i f f e r e n t f r o m w h a t w o u l d be e x p e c t e d if the bulk c r y s t a l 
s t r u c t u r e s w e r e d i s c o n t i n u e d at s o m e p a r t i c u l a r p l a n e . O n t h e o t h e r 
h a n d , t h e s u r f a c e s of c o v a l e n t l y b o n d e d c r y s t a l s s u c h a s s i l i c o n and g e r ­
m a n i u m t e n d to be r e c o n s t r u c t e d , t h e r e b y m i n i m i z i n g t h e s u r f a c e f r e e 
e n e r g y . In m a n y c a s e s , e v e n a f r a c t i o n of a m o n o l a y e r of g a s a d s o r b e d 
o n an o t h e r w i s e c l e a n s u r f a c e c a n b e d e t e c t e d , and n u m e r o u s s u b s t r a t e -
a d s o r b a t e c o m b i n a t i o n s h a v e b e e n i n v e s t i g a t e d . M u c h of t h e data on 
g 
s o m e of the m a t e r i a l s s t u d i e d a r e s u m m a r i z e d in a r e v i e w b y L a n d e r 
w h i c h a l s o c o n s i d e r s r e c e n t d e v e l o p m e n t s i n the L E E D t e c h n i q u e and 
m a n y of t h e c u r r e n t p r o b l e m s . 
I n e l a s t i c E l e c t r o n S c a t t e r i n g 
S e c o n d a r y e l e c t r o n e m i s s i o n m e a s u r e m e n t s h a v e a l s o p r o v e d 
u s e f u l f o r s t u d y i n g s o l i d s and i n v e s t i g a t i n g the f u n d a m e n t a l i n t e r a c t i o n s 
of e l e c t r o n s w i t h s o l i d s . In t h e s e s t u d i e s , a s a m p l e i s b o m b a r d e d w i t h 
7 
1 
electrons of a predetermined energy, and electrons emitted from the 
sample are examined with regard to number and energy and angular 
distributions. Although most previous experiments have been con­
cerned only with measurements of secondary electron yield, the dis­
tributions in angle and energy of the secondary electrons have been 
determined for a number of materials. These distributions have been 
interpreted in terms of certain features of the band structure of the 
solid, the collective behavior of the "free" electron gas, and the prop­
erties of gases adsorbed on the surface or impurities in the bulk of the 
sample. However, the results reported by various laboratories have 
often been inconsistent regarding qualitative observations as well as 
quantitative interpretations, and a need for careful measurements on 
well defined surfaces has been indicated. 
The history of secondary emission studies is somewhat older 
than that of elastic diffraction. In fact, the opacity of a metal to bom­
barding electrons was noted in the 1870's by Crookes, who was con­
cerned with determining the properties of his "radiant matter" or 
cathode rays. Even so, the phenomenon of secondary electron emis­
sion as it is understood today was discovered much later by Austin 
9 
and Starke in 1902. Developments in this field of endeavor have been 
reviewed exhaustively, ^  ^ and only those points of interest to the 
present work will be considered below. 
In examining the secondary electron energy distributions, three 
12 
f a i r l y d i s t i n c t g r o u p s of e l e c t r o n s a r e a p p a r e n t , a s i s s h o w n in F i g u r e 2 . 
T h i s p a r t i c u l a r c u r v e w a s o b t a i n e d b y a n a l y z i n g the s e c o n d a r y e l e c t r o n 
c u r r e n t e m i t t e d f r o m a c l e a n t u n g s t e n ( 1 1 0 ) s u r f a c e w h i c h w a s b o m ­
b a r d e d by 1 0 0 - v o l t p r i m a r y e l e c t r o n s . T h e e l e c t r o n s in r e g i o n I a r e the 
e l a s t i c a l l y r e f l e c t e d p r i m a r i e s . T h e s e e l e c t r o n s h a v e b e e n s c a t t e r e d 
w i t h o u t l o s i n g e n e r g y t o t h e s a m p l e , and it i s o f t e n a s s u m e d that t h e s e 
a r e the e l e c t r o n s c o n t r i b u t i n g to the o b s e r v e d d i f f r a c t i o n p a t t e r n s . T h e 
e l e c t r o n s in r e g i o n II a r e r e d i f f u s e d p r i m a r i e s w h i c h h a v e u n d e r g o n e 
l o s s e s ( t h e s e l o s s e s u s u a l l y b e i n g l e s s t h a n 60 e v ) . A n u m b e r of s m a l l , 
b r o a d p e a k s a p p e a r in t h i s r e g i o n . T h e s e p e a k s a r e r e f e r r e d to a s c h a r ­
a c t e r i s t i c l o s s e s , the d i f f e r e n c e in e n e r g y b e t w e e n t h e s e p e a k s and the 
p r i m a r y e n e r g y b e i n g c o n s t a n t , i n d e p e n d e n t of the p r i m a r y e n e r g y . T w o 
m e c h a n i s m s w h i c h h a v e b e e n p r o p o s e d to a c c o u n t for the o b s e r v e d e n e r g y 
l o s s e s a r e i n t e r b a n d t r a n s i t i o n s and p l a s m a r e s o n a n c e s . T h e e l e c t r o n s 
in r e g i o n III a r e the t r u e s e c o n d a r i e s . A n u m b e r of s u b s i d i a r y m a x i m a 
a p p e a r on the h i g h - e n e r g y s i d e of the t r u e s e c o n d a r y p e a k , and t h e s e 
m a x i m a c a n b e p a r t l y e x p l a i n e d in t e r m s of A u g e r t y p e t r a n s i t i o n s . T h e 
s m a l l s h a r p s p i k e on t h e l o w - e n e r g y s i d e of t h i s p e a k r e p r e s e n t s an i n ­
s t r u m e n t a l e f f e c t to be d e s c r i b e d l a t e r . 
C h a r a c t e r i s t i c e n e r g y l o s s e s w e r e f i r s t o b s e r v e d in 1 9 2 4 b y 
B e c k e r , ^ w h o w a s u s i n g 2 0 0 e v i n c i d e n t e l e c t r o n s in h i s s t u d i e s of e l e c ­
t r o n r e f l e c t i o n f r o m s o l i d s . S i m i l a r s e m i q u a n t i t a t i v e o b s e r v a t i o n s w e r e 
17 18 
m a d e b y o t h e r g r o u p s , but R u d b e r g ' w a s the f i r s t to c l e a r l y d e m o n -
13 
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ENERGY E (ev) 
Figure 2. Secondary Electron Energy Distribution Curve for Clean Tungsten (110) Surface. 100 Volt Primary Electrons. 
14 
strate (in 1930) that, when slow electrons impinge upon solid surfaces, there are characteristic energy losses which appear as line spectra in the energy distribution curves obtained for the emitted electrons. Rud-berg also showed the energy loss values to be independent, in a first 
approximation, of such parameters as incident electron energy, angle 
of incidence, and angle of observation. In Rudberg's work, electrons in the range of 40 to 900 ev were 
used to bombard the samples; the reflected electrons of different ener­gies were separated in a homogeneous magnetic field and detected in a Faraday collector. The targets used were prepared by evaporation in the vacuum of the instrument onto molybdenum or silver substrates. 19 Ruthemann described a similar instrument designed for incident elec­tron energies of several kev. Ruthemann's experiments also differed from those of Rudberg in that characteristic energy losses were ob-
20 
served in electrons passing through thin films. In 1944, Marton and 21 Hillier and Baker attempted measurements of energy losses in small, identified regions of the sample using experience and techniques related to electron microscopy; magnetic deflection was again used for energy 
22 
analysis of the emitted electrons. In 1949, Mollenstedt introduced a new method for energy analysis which was based on the very high chro­matic aberrati n of electrostatc lenses. This latter method offered a uch bette  energy r solution tha  ad been chieved previ usly, nd odified v rs s of this n lyzer ar still commonly use n experi-
15 
m e r i t s c e n t e r e d a r o u n d h i g h e n e r g y p r i m a r y e l e c t r o n s . 
S u b s i d i a r y m a x i m a in the t r u e s e c o n d a r y r e g i o n of the e n e r g y 
23 
d i s t r i b u t i o n c u r v e s w e r e f i r s t r e p o r t e d b y H a y w o r t h . T h e s e m a x i m a , 
2 4 
w h i c h a r e d i s c u s s e d in a r e v i e w b y H a c h e n b e r g and B r a u e r , r e p r e ­
s e n t e l e c t r o n s w h i c h a r e p r e f e r e n t i a l l y e m i t t e d at c e r t a i n f i x e d e n e r g i e s , 
t h e s e e n e r g i e s b e i n g i n d e p e n d e n t of t h e p r i m a r y e n e r g y and c h a r a c t e r i s ­
t i c of t h e s a m p l e . O t h e r s t u d i e s of t h i s p h e n o m e n a w e r e m a d e by K o l -
2 5 2 6 
l a t h , who f a i l e d to o b s e r v e the s u b s i d i a r y m a x i m a , and L a n d e r and 
27 
H a r r o w e r , w h o d id o b s e r v e t h e m a x i m a f o r a n u m b e r of d i f f e r e n t 
m a t e r i a l s . 
T h e t e c h n i q u e s p r e v i o u s l y u s e d f o r o b t a i n i n g the d i s t r i b u t i o n s of 
t h e t r u e s e c o n d a r y e l e c t r o n s a r e m u c h the s a m e a s t h o s e e m p l o y e d in 
25 
m e a s u r e m e n t s of c h a r a c t e r i s t i c l o s s e s . K o l l a t h u s e d a l o n g i t u d i n a l 
m a g n e t i c f i e l d to s e p a r a t e the s e c o n d a r y e l e c t r o n s in e n e r g y , w h i l e 
26 27 
L a n d e r and H a r r o w e r u s e d d e f l e c t i o n a n a l y z e r s of the m a g n e t i c and 
e l e c t r o s t a t i c t y p e s r e s p e c t i v e l y . R e t a r d i n g f i e l d m e t h o d s h a v e a l s o 
b e e n t r i e d , but , b e c a u s e the r e t a r d i n g f i e l d c u r v e s m u s t b e d i f f e r e n t i ­
a t e d to o b t a i n the e n e r g y d i s t r i b u t i o n s , m a n y a t t e m p t s to u s e t h i s m e t h o d 
h a v e p r o v e d u n s u c c e s s f u l . T h e r e q u i r e d d i f f e r e n t i a t i o n i s v e r y d i f f i c u l t 
to a c c o m p l i s h w i t h s u f f i c i e n t a c c u r a c y b y g r a p h i c a l o r a n a l o g m e a n s , 
2 8 , 29 
but a r e c e n t l y d e v i s e d ac d i f f e r e n t i a t i o n s c h e m e h a s m a d e the r e ­
t a r d i n g f i e l d m e t h o d q u i t e u s e f u l , p a r t i c u l a r l y w h e r e m e a s u r e m e n t s a r e 
r e s t r i c t e d t o l o w - e n e r g y e l e c t r o n s . 
16 
I n v e s t i g a t i o n s of p h e n o m e n a r e l a t e d to s e c o n d a r y e m i s s i o n h a v e 
b e e n c a r r i e d out f o r a v a r i e t y of s a m p l e s . T h e e m p h a s i s i n t h e s e s t u d ­
i e s h a s b e e n o n i d e n t i f y i n g t h e m e c h a n i s m s c o n t r i b u t i n g t o the o b s e r v e d 
s t r u c t u r e i n t h e e n e r g y d i s t r i b u t i o n c u r v e s , and m o s t s u c h m e a s u r e ­
m e n t s h a v e b e e n c o n c e r n e d w i t h the c h a r a c t e r i s t i c e n e r g y l o s s e s o n l y . 
T h e a p p l i c a t i o n of s e c o n d a r y e m i s s i o n d a t a to the p r o b l e m of c h a r a c t e r ­
i z i n g s o l i d s u r f a c e s h a s r e c e i v e d v e r y l i t t l e a t t e n t i o n . 
T h e T u n g s t e n S a m p l e 
T u n g s t e n h a s l o n g b e e n c o n s i d e r e d a s t a n d a r d f o r m e a s u r e m e n t s 
of s u r f a c e p r o p e r t i e s b e c a u s e of t h e r e l a t i v e e a s e w i t h w h i c h s a m p l e s 
of t h i s m a t e r i a l c a n b e c l e a n e d by f l a s h h e a t i n g in v a c u u m . T u n g s t e n 
s u r f a c e s h a v e b e e n s t u d i e d u s i n g m a n y t e c h n i q u e s , i n c l u d i n g f l a s h -
f i l a m e n t d e s o r p t i o n , ^ f i e l d e m i s s i o n , ^ w o r k f u n c t i o n , ^ i o n n e u t r a l i -
31 32 
z a t i o n s p e c t r o s c o p y , l o w - e n e r g y e l e c t r o n d i f f r a c t i o n , and s e c o n d -
27 
a r y e l e c t r o n e m i s s i o n ; s o m e of t h e p e r t i n e n t r e s u l t s of t h e s e s t u d i e s 
a r e s u m m a r i z e d b e l o w . In a d d i t i o n , i t s h o u l d b e p o i n t e d out that t h e 
e x p e r i m e n t a l c o n v e n i e n c e o f f e r e d b y t h i s m a t e r i a l and the r e s u l t i n g 
w e a l t h of r e l a t e d d a t a a v a i l a b l e in the p u b l i s h e d l i t e r a t u r e w e r e f a c t o r s 
w h i c h l e d to the s e l e c t i o n of a t u n g s t e n s a m p l e f o r t h i s r e s e a r c h . 
L o w - e n e r g y e l e c t r o n d i f f r a c t i o n h a s b e e n u s e d to d e t e r m i n e the 
s t r u c t u r e s of c l e a n t u n g s t e n s u r f a c e s f o r a n u m b e r of c r y s t a l l o g r a p h i c 
o r i e n t a t i o n s and t o i n v e s t i g a t e s o m e a s p e c t s of the a d s o r p t i o n of g a s e s 
on t h e s e s u r f a c e s . S p e c i f i c r e s u l t s a r e a s f o l l o w s : 
17 
1. S a m p l e s cut f r o m z o n e r e f i n e d i n g o t s of t u n g s t e n c o n t a i n 
c a r b o n a s a n a t u r a l b u l k i m p u r i t y w h i c h d i f f u s e s t o w a r d the s u r f a c e a s 
a s a m p l e i s h e a t e d . T h e e f f e c t of t h i s s u r f a c e c a r b o n on the o b s e r v e d 
33 
L E E D p a t t e r n s h a s b e e n i n v e s t i g a t e d by S t e r n f o r the (110) s u r f a c e . 
T h e c a r b o n c a n b e r e m o v e d b y h e a t i n g t h e s a m p l e i n a r e s i d u a l a t m o s ­
p h e r e of e i t h e r o x y g e n o r h y d r o g e n . 
2 . D i f f r a c t i o n p a t t e r n s o b t a i n e d a f t e r c l e a n i n g the s a m p l e in 
t h e a b o v e m a n n e r i n d i c a t e that the s t r u c t u r e of t h e c l e a n t u n g s t e n 
s u r f a c e i s the s a m e a s e x p e c t e d f o r a p a r a l l e l l a y e r of a t o m s in the 
32 
b u l k of t h e c r y s t a l . H o w e v e r , t h e a b s e n c e of n e i g h b o r i n g a t o m s at 
t h e s u r f a c e m i g h t b e e x p e c t e d t o r e s u l t i n u n u s u a l l y g r e a t a m p l i t u d e s 
of t h e r m a l v i b r a t i o n s f o r the s u r f a c e a t o m s ; t h i s i s s u p p o r t e d b y f i e l d 
30 
e m i s s i o n d a t a w h i c h s h o w tha t a t o m s o n the s u r f a c e m a y b e c o m e 
q u i t e m o b i l e at t e m p e r a t u r e s a s l o w a s one t h i r d the bu lk m e l t i n g 
t e m p e r a t u r e . 
3 . G a s e s a r e r e a d i l y a d s o r b e d o n the (110 ) s u r f a c e of t u n g ­
s t e n w i t h s t i c k i n g p r o b a b i l i t i e s n e a r un i ty for c o v e r a g e s of l e s s than a 
m o n o l a y e r . O x y g e n a d s o r p t i o n on t h i s f a c e h a s b e e n s t u d i e d b y G e r -
32 34 
m e r , S t e r n and M a c R a e ; M a y , G e r m e r and Chang h a v e r e p o r t e d 
on t h e a d s o r p t i o n of CO and the c o a d s o r p t i o n of O^ and C O . S i m i l a r 
35 
s t u d i e s h a v e b e e n m a d e b y A n d e r s o n and E s t r u p for the a d s o r p t i o n 
of N 2 and CO on the (100) f a c e . 
O n l y a f e w i n e l a s t i c e l e c t r o n s c a t t e r i n g m e a s u r e m e n t s h a v e 
18 
b e e n r e p o r t e d for t u n g s t e n , but the r e s u l t s o b t a i n e d a r e of i n t e r e s t to 
27 
t h e p r e s e n t w o r k . H a r r o w e r o b s e r v e d s u b s i d i a r y m a x i m a on the 
t r u e s e c o n d a r y p e a k and c h a r a c t e r i s t i c e n e r g y l o s s e s in h i s m e a s u r e ­
m e n t s o n p o l y c r y s t a l l i n e t u n g s t e n r i b b o n s u s i n g p r i m a r y e l e c t r o n s of 
100 to 2 0 0 0 e l e c t r o n v o l t s . He i n t e r p r e t e d the c h a r a c t e r i s t i c e n e r g y 
l o s s e s i n t e r m s of i n t e r b a n d t r a n s i t i o n s and t h e s u b s i d i a r y m a x i m a a s 
A u g e r e l e c t r o n s . C h a r a c t e r i s t i c e n e r g y l o s s e s w e r e a l s o m e a s u r e d 
3 6 
b y P o w e l l , R o b i n s and S w a n . P r i m a r y e l e c t r o n s of 8 5 0 e v w e r e u s e d 
to b o m b a r d a p o l y c r y s t a l l i n e t u n g s t e n w i r e ; the o b s e r v e d l o s s e s w e r e 
no t i n t e r p r e t e d . 
A C o m b i n e d T e c h n i q u e 
B o t h l o w - e n e r g y e l e c t r o n d i f f r a c t i o n and l o w - e n e r g y e l e c t r o n 
s p e c t r o s c o p y a r e u s e f u l t e c h n i q u e s f o r c h a r a c t e r i z i n g s o l i d s u r f a c e s 
and s t u d y i n g the i n t e r a c t i o n s of s l o w e l e c t r o n s w i t h t h e s e s u r f a c e s . 
In p r e v i o u s i n v e s t i g a t i o n s , t h e s e e x p e r i m e n t a l m e t h o d s h a v e b e e n 
u s e d i n d e p e n d e n t l y , and t h e r e s u l t s o b t a i n e d h a v e o f t en b e e n d i f f i c u l t 
to i n t e r p r e t . H o w e v e r , m a n y of t h e p r o b l e m s a s s o c i a t e d w i t h t h e i n ­
d i v i d u a l t e c h n i q u e s a r e r e s o l v e d b y c o m b i n i n g t h e s e m e t h o d s into o n e 
i n s t r u m e n t . 
A m o n g the d i f f i c u l t i e s e n c o u n t e r e d in L E E D w o r k i s the f a c t 
that L E E D p a t t e r n s a l o n e do not a l w a y s p r o v i d e e n o u g h i n f o r m a t i o n 
f o r u n a m b i g u o u s i n t e r p r e t a t i o n s to be m a d e c o n c e r n i n g the s u r f a c e s 
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b e i n g s t u d i e d . F o r e x a m p l e , the L E E D p a t t e r n s c o r r e s p o n d i n g t o the 
c l e a n t u n g s t e n ( 1 1 0 ) s u r f a c e and the s a m e s u r f a c e w i t h a fu l l m o n o -
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l a y e r of a d s o r b e d o x y g e n a r e e s s e n t i a l l y the s a m e . T h i s m e a n s tha t 
t h e d i f f r a c t i o n p a t t e r n s c a n not b e u s e d to d i s t i n g u i s h b e t w e e n t h e s e 
t w o s u r f a c e s t a t e s . F u r t h e r m o r e , the p r e c i s e i n t e r p r e t a t i o n of t h e s e 
p a t t e r n s r e q u i r e s a b a s i c u n d e r s t a n d i n g of the d i f f r a c t i o n p h e n o m e n a 
and a s s o c i a t e d s c a t t e r i n g p r o c e s s e s for the l o w - e n e r g y e l e c t r o n s ; t h i s 
u n d e r s t a n d i n g h a s not b e e n a c h i e v e d s o far i n s t u d i e s c o n c e r n e d o n l y 
w i t h the e l a s t i c s c a t t e r i n g of the s l o w e l e c t r o n s . 
A s m e n t i o n e d e a r l i e r , t h e r e s u l t s o b t a i n e d in s e c o n d a r y e m i s ­
s i o n s t u d i e s h a v e o f t e n b e e n i n c o n s i s t e n t b o t h in t e r m s of q u a l i t a t i v e 
o b s e r v a t i o n s and q u a n t i t a t i v e i n t e r p r e t a t i o n s . M o s t of the w o r k to da te 
h a s b e e n c a r r i e d out i n m o d i f i e d e l e c t r o n m i c r o s c o p e s u s i n g t r a n s m i s ­
s i o n t h r o u g h t h i n f i l m s or in d e f l e c t i o n s p e c t r o m e t e r s u s i n g r e f l e c t i o n 
f r o m f r e s h l y e v a p o r a t e d s u r f a c e s . T h e p r i n c i p a l d i f f i c u l t y in t h e s e 
s t u d i e s s e e m s to h a v e b e e n that of i d e n t i f y i n g s a m p l e s u r f a c e c o n d i -
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t i o n s , a s i s i l l u s t r a t e d by c o n s i d e r i n g H a r r o w e r ' s w o r k o n t u n g s t e n . 
T h e t u n g s t e n r i b b o n s u s e d in t h i s s t u d y w e r e c l e a n e d in v a c u u m by h e a t ­
ing for l o n g p e r i o d s at t e m p e r a t u r e s of a b o u t 2 3 0 0 ° C . H e a t i n g the s a m ­
p l e to t h e s e t e m p e r a t u r e s c a u s e s t h e d e s o r p t i o n of g a s e s and o t h e r v o l a ­
t i l e i m p u r i t i e s , but , a s s h o w n u s i n g L E E D , s u c h h e a t t r e a t m e n t c a n r e ­
s u l t in an o r d e r e d a c c u m u l a t i o n of c a r b o n on o r n e a r the s u r f a c e of the 
s a m p l e . T h i s c a r b o n c a n h a v e a p r o n o u n c e d e f f e c t o n the s e c o n d a r y 
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e l e c t r o n e n e r g y d i s t r i b u t i o n c u r v e s a s w i l l be d i s c u s s e d i n t h i s p a p e r . 
In the c h a r a c t e r i s t i c l o s s m e a s u r e m e n t s of P o w e l l , R o b i n s and S w a n , 
t h e e f f e c t s of s u r f a c e c o n d i t i o n s w e r e c o n s i d e r e d , but the e x p e r i m e n t a l 
s u r f a c e s w e r e no t s u f f i c i e n t l y w e l l c h a r a c t e r i z e d . 
T h e c o m b i n a t i o n of L E E D and i n e l a s t i c m e a s u r e m e n t s a s u s e d 
in t h i s s t u d y t h e r e f o r e o f f e r s a n u m b e r of a d v a n t a g e s . L E E D c a n b e 
u s e d to e x a m i n e the e l a s t i c s c a t t e r i n g and to g e t i n f o r m a t i o n about the 
s t r u c t u r e of the s u r f a c e s s t u d i e d . T h e s e c o n d a r y e l e c t r o n e n e r g y d i s ­
t r i b u t i o n s c a n b e u s e d to s t u d y the v a r i o u s i n e l a s t i c p r o c e s s e s and s u r ­
f a c e c o n t a m i n a t i o n , r e g a r d l e s s of the s t r u c t u r e s a s s u m e d . T h i s c o m ­
b i n e d t e c h n i q u e h a s p r o v e d q u i t e u s e f u l f o r s u r f a c e s t u d i e s and f o r i n ­
v e s t i g a t i n g s o m e a s p e c t s of the e l a s t i c and i n e l a s t i c s c a t t e r i n g of t h e 
s l o w e l e c t r o n s . An i m p o r t a n t a p p l i c a t i o n of t h i s m e t h o d m a y be i t s 
u s e a s a t o o l f o r c h a r a c t e r i z i n g e x p e r i m e n t a l s u r f a c e s i n c o n j u n c t i o n 
w i t h m e a s u r e m e n t s of o t h e r p h e n o m e n a s u c h a s w o r k f u n c t i o n , p h o t o -
e m i s s i o n and o p t i c a l r e f l e c t i v i t y w h i c h a r e s e n s i t i v e to s u r f a c e c o n d i ­
t i o n s . T h e d e t a i l e d s p e c i f i c a t i o n of s u r f a c e s t a t e s p o t e n t i a l l y a f f o r d e d 
by t h i s t o o l c a n t h e n be u s e d to g u a r a n t e e r e p r o d u c i b l e s u r f a c e c o n d i ­
t i o n s f o r a s e r i e s of m e a s u r e m e n t s on d i f f e r e n t s a m p l e s . M o r e o v e r , 
s u c h a c h a r a c t e r i z a t i o n w o u l d m a k e p o s s i b l e a v a l i d c o m p a r i s o n of 
d a t a o b t a i n e d i n d i f f e r e n t l a b o r a t o r i e s f r o m s i m i l a r l y c h a r a c t e r i z e d 
s u r f a c e s . 
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C H A P T E R I I 
T H E O R E T I C A L D I S C U S S I O N 
T h e s c a t t e r i n g o f s l o w e l e c t r o n s i n c i d e n t u p o n a s i n g l e - c r y s t a l 
s u r f a c e m u s t be d e s c r i b e d i n t e r m s o f c o h e r e n t e l a s t i c d i f f r a c t i o n a n d 
i n c o h e r e n t i n e l a s t i c p r o c e s s e s . E n e r g y d i s t r i b u t i o n s o f e l e c t r o n s b a c k -
s c a t t e r e d f r o m a m e t a l ( t y p i f i e d b y F i g . 2) a r e c o m p o s e d o f e l e c t r o n s 
r e f l e c t e d w i t h o u t e n e r g y l o s s , e l e c t r o n s w h i c h h a v e u n d e r g o n e d i s c r e t e 
l o s s e s c h a r a c t e r i s t i c o f t h e s c a t t e r i n g m a t e r i a l , a n d t r u e s e c o n d a r i e s 
e m i t t e d f r o m t h e s o l i d . T h e s c a t t e r i n g m e c h a n i s m s a r e i n g e n e r a l 
c o u p l e d - - p r e c i s e i n t e r p r e t a t i o n s o f L E E D p a t t e r n s c a n b e m a d e o n l y 
b y t a k i n g i n t o a c c o u n t i n e l a s t i c l o s s e s , a n d t h e i n e l a s t i c i n t e n s i t y d i s ­
t r i b u t i o n s a r e s t r o n g l y i n f l u e n c e d b y t h e c o n d i t i o n s f o r e l a s t i c d i f f r a c ­
t i o n . I n t h i s c h a p t e r , t h e s c a t t e r i n g m e c h a n i s m s a n d t h e i r i n t e r r e l a ­
t i o n s h i p s a r e d i s c u s s e d , f i r s t c o n s i d e r i n g t h e v a r i o u s s c a t t e r i n g p r o c ­
e s s e s i n d i v i d u a l l y ; t h e l a s t s e c t i o n c o n s i s t s o f a s u m m a r y o f s o m e o f 
t h e m a i n t h e o r e t i c a l r e s u l t s a n d a d e s c r i p t i o n o f t h e i n t e r c o n n e c t i o n s 
b e t w e e n t h e p r o c e s s e s as a p p r o p r i a t e f o r i n t e r p r e t i n g e x p e r i m e n t a l 
d a t a . 
E l a s t i c D i f f r a c t i o n 
G e n e r a l D i s c u s s i o n f o r S l o w E l e c t r o n s 
T h e e l a s t i c p e a k ( r e g i o n I ) of t h e e n e r g y d i s t r i b u t i o n c u r v e o f 
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F i g . 2 c o n s i s t s o f c o h e r e n t l y s c a t t e r e d e l e c t r o n s g i v i n g r i s e t o r e f l e c ­
t i o n s i n t h e L E E D p a t t e r n s a n d i n c o h e r e n t l y b u t e l a s t i c a l l y s c a t t e r e d 
e l e c t r o n s a p p e a r i n g i n t h e d i f f u s e b a c k g r o u n d o f t h e s e p a t t e r n s . T h e 
r e l a t i v e n u m b e r o f t h e i n c o h e r e n t l y s c a t t e r e d e l e c t r o n s i s l a r g e l y d e ­
t e r m i n e d b y t h e d e g r e e o f c r y s t a l l i n e o r d e r at t h e s c a t t e r i n g s u r f a c e 
a n d i s i n f l u e n c e d b y s u c h f a c t o r s as s a m p l e t e m p e r a t u r e , d i s l o c a t i o n 
d e n s i t y , s u r f a c e c o n t a m i n a t i o n a n d s t r a i n . I n t h e c a s e o f a p e r f e c t 
c r y s t a l , t h e e l a s t i c s c a t t e r i n g w o u l d b e c o h e r e n t , w h e r e a s , f o r a c o m ­
p l e t e l y d i s o r d e r e d s o l i d , t h e s c a t t e r i n g w o u l d b e e n t i r e l y i n c o h e r e n t . 
F o r s c a t t e r i n g f r o m r e a s o n a b l y w e l l o r d e r e d s i n g l e - c r y s t a l s u r f a c e s , 
t h e d i f f u s e b a c k g r o u n d o f t h e L E E D p a t t e r n s c a n b e s u b s t a n t i a l l y r e ­
d u c e d u s i n g t h e s u p p r e s s o r g r i d . T h i s i n d i c a t e s t h a t t h e e l a s t i c c o n ­
t r i b u t i o n t o t h i s b a c k g r o u n d i s s m a l l , a n d t h e e l a s t i c p e a k of F i g . 2 
m a y b e c o n s i d e r e d t o r e p r e s e n t m a i n l y t h e c o h e r e n t s c a t t e r i n g o f t h e 
l o w - e n e r g y e l e c t r o n s . 
T h e d i f f r a c t i o n o f l o w - e n e r g y e l e c t r o n s i s b o t h q u a l i t a t i v e l y a n d 
q u a n t i t a t i v e l y d i f f e r e n t f r o m t h a t o f h i g h - e n e r g y e l e c t r o n s o r x - r a y s i n 
t h a t t h e a t o m i c - s c a t t e r i n g c r o s s - s e c t i o n s a r e r e l a t i v e l y v e r y l a r g e . 
g 
A s p o i n t e d o u t b y L a n d e r , t h e a t o m i c - s c a t t e r i n g c r o s s - s e c t i o n s f o r 
e l e c t r o n e n e r g i e s ~ 100 e v a r e a b o u t t h e s a m e m a g n i t u d e as t h e a r e a o c ­
c u p i e d b y a n a t o m i n t h e l a t t i c e . A s i n g l e a t o m i c l a y e r i s t h u s a v e r y 
e f f i c i e n t s c a t t e r e r o f s l o w e l e c t r o n s . T w o i m p o r t a n t c o n s e q u e n c e s o f 
t h i s f a c t a r e t h a t t h e s l o w i n c i d e n t e l e c t r o n s p e n e t r a t e o n l y s l i g h t l y i n t o 
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the c r y s t a l and m u l t i p l e s c a t t e r i n g i s h i g h l y p r o b a b l e . Q u a l i t a t i v e l y , 
p o s i t i o n s of r e f l e c t i o n s i n t h e d i f f r a c t i o n p a t t e r n s c a n b e c a l c u l a t e d on 
t h e b a s i s of a s t r i c t l y t w o - d i m e n s i o n a l l a t t i c e c o n s i s t i n g of the f i r s t 
l a y e r of a t o m s . H o w e v e r , any e x p l a n a t i o n of s p o t i n t e n s i t i e s r e q u i r e s 
t h a t the e f f e c t of u n d e r l y i n g l a y e r s b e t a k e n into a c c o u n t , and the h i g h 
p r o b a b i l i t y for m u l t i p l e s c a t t e r i n g i m p l i e s a n e e d f o r a s e l f - c o n s i s t e n t 
d e s c r i p t i o n of the d i f f r a c t i o n p r o c e s s , t h e r e b y i n v a l i d a t i n g the m o r e 
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u s u a l k i n e m a t i c a l a p p r o a c h e s f o r p r e c i s e i n t e n s i t y a n a l y s i s . 
It m u s t b e f u r t h e r e m p h a s i z e d tha t the p e n e t r a t i o n d e p t h of the 
s l o w e l e c t r o n s i s l i m i t e d by an e f f e c t i v e a b s o r p t i o n ; the i n t e n s i t y of 
t h e i n c i d e n t b e a m d e c r e a s e s a s the b e a m p e n e t r a t e s into the c r y s t a l 
b e c a u s e e l e c t r o n s s c a t t e r e d out of t h e b e a m b y s u r f a c e l a y e r s c a n no 
l o n g e r b e c o n s i d e r e d a s p a r t of the e l e c t r o n f lux i n c i d e n t o n u n d e r l y i n g 
l a y e r s . T h e a b s o r p t i o n i s t e r m e d e f f e c t i v e in that t h e r e i s no m e c h a ­
n i s m the l o w - e n e r g y e l e c t r o n s e q u i v a l e n t to p h o t o e l e c t r i c a b s o r p -
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t i o n . R a t h e r , t h e e l e c t r o n s a r e r e m o v e d f r o m the p r i m a r y b e a m by 
e l a s t i c and i n e l a s t i c s c a t t e r i n g p r o c e s s e s . If i s , t h e r e f o r e , not s u r ­
p r i s i n g tha t the p e n e t r a t i o n d e p t h d e p e n d s s t r o n g l y o n the d i f f r a c t i o n 
c o n d i t i o n s . 
L E E D P a t t e r n s 
T h e p o s i t i o n s of r e f l e c t i o n s i n the L E E D p a t t e r n s c a n be p r e ­
d i c t e d u s i n g s i m p l y the L a u e c o n d i t i o n s i n d i r e c t a n a l o g y w i t h the 
x - r a y c a s e . F o r a t h r e e - d i m e n s i o n a l d i f f r a c t i o n s i t u a t i o n i n v o l v i n g a 
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t r i p e r i o d i c c r y s t a l , t h e s e c o n d i t i o n s ( w h i c h m u s t b e s a t i s f i e d s i m u l t a n ­
e o u s l y ) a r e w r i t t e n 
( q - q Q ) ' a x = 2 r r h ; ( q - q ) • a 2 = 2 r r k ; ( q - q Q ) * a 3 = 2 n £ • ( 1 ) 
H e r e q ^ a n d q a r e r e s p e c t i v e l y t h e i n c i d e n t a n d d i f f r a c t e d w a v e v e c t o r s 
w i t h m a g n i t u d e 2 r r / X ; t h e v e c t o r s a x , a 2 , a 3 a r e l a t t i c e t r a n s l a t i o n 
v e c t o r s w i t h a 3 a s s u m e d n o r m a l t o t h e c r y s t a l s u r f a c e ; h , k , t a r e i n ­
t e g e r s . T h e e l e c t r o n w a v e l e n g t h X ( i n A n g s t r o m s ) i s g i v e n b y t h e e x -
. 8 p r e s s i o n 
' ¥ ) * (2 ) 
w h e r e V i s t h e i n c i d e n t b e a m v o l t a g e i n v o l t s . T h e c o n d i t i o n s i n (1) 
c a n b e i n t e r p r e t e d g e o m e t r i c a l l y , a n d , r e q u i r i n g t h a t q a n d q ^ h a v e 
8, 39 
t h e s a m e m a g n i t u d e , o n e a r r i v e s a t t h e u s u a l E w a l d c o n s t r u c t i o n 
i l l u s t r a t e d i n F i g . 3 (a ) f o r e l e c t r o n s b a c k s c a t t e r e d f r o m t h e c r y s t a l . 
T h e t h r e e - d i m e n s i o n a l d i f f r a c t i o n c o n d i t i o n s a r e s a t i s f i e d w h e n a n y 
o n e o f t h e r e c i p r o c a l l a t t i c e p o i n t s ( s m a l l o p e n c i r c l e s ) i n t e r s e c t s t h e 
E w a l d s p h e r e o f r e f l e c t i o n ; o n e t h e n o b s e r v e s a b e a m o f e l e c t r o n s w i t h 
t h e p r i m a r y e n e r g y e m e r g i n g f r o m t h e c r y s t a l as d e s c r i b e d b y t h e d i f ­
f r a c t e d v e c t o r q . 
Figure 3. 
(a) Ewald Construction for Back-Reflected Low-Energy Electrons, (b) Typical LEED Pattern Obtained from Tungsten (110) Surface. 300 Volt Primary Electrons. 
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F o r l o w - e n e r g y e l e c t r o n s the p e n e t r a t i o n d e p t h i s s o s m a l l that 
c r y s t a l p e r i o d i c i t y in the d i r e c t i o n p e r p e n d i c u l a r to the s u r f a c e i s o n l y 
w e a k l y s a m p l e d . T h i s c i r c u m s t a n c e l e a d s to a r e l a x a t i o n of the t h i r d 
L a u e c o n d i t i o n , a n d , in the l i m i t of p u r e l y t w o - d i m e n s i o n a l d i f f r a c t i o n , 
the r e c i p r o c a l l a t t i c e p o i n t s b e c o m e u n i f o r m r o d s o r i e n t e d n o r m a l to 
the s u r f a c e a s i n d i c a t e d in t h e f i g u r e . H o w e v e r , c o n s i d e r i n g that 
s e v e r a l l a y e r s m a y c o n t r i b u t e to t h e o b s e r v e d s c a t t e r e d i n t e n s i t i e s , 
t h e r e c i p r o c a l l a t t i c e s h o u l d p r o p e r l y b e d e s c r i b e d a s c o n s i s t i n g of 
r o d s s t r o n g l y m o d u l a t e d i n d e n s i t y a l o n g t h e i r l e n g t h w i t h m a x i m a n e a r 
t h e 3 - D r e c i p r o c a l l a t t i c e p o i n t s . I n t e r p r e t a t i o n s b a s e d on t h i s s i m p l e 
p i c t u r e a r e c o m p l i c a t e d by the f a c t tha t t h e d e g r e e of m o d u l a t i o n of t h e 
r e c i p r o c a l l a t t i c e r o d s v a r i e s wi th p e n e t r a t i o n d e p t h , w h i c h , in t u r n , 
m a y d e p e n d s h a r p l y and o f t e n i r r e g u l a r l y on f a c t o r s s u c h a s i n c i d e n t 
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b e a m v o l t a g e and c r y s t a l o r i e n t a t i o n . 
T h e a p p l i c a t i o n of the g e o m e t r i c a l c o n s t r u c t i o n i s t h u s l i m i t e d 
to l o c a t i n g the v a r i o u s r e f l e c t i o n s i n d i f f r a c t i o n p a t t e r n s . T h i s i s d o n e 
by a s s u m i n g t w o - d i m e n s i o n a l d i f f r a c t i o n i n v o l v i n g o n l y the f i r s t l a y e r 
of a t o m s , c o n s t r u c t i n g the 2 - D r e c i p r o c a l l a t t i c e for t h i s s u r f a c e l a y e r , 
i d e n t i f y i n g t h e p o i n t s at w h i c h the r e c i p r o c a l l a t t i c e r o d s i n t e r s e c t the 
s p h e r e of r e f l e c t i o n , and d e t e r m i n i n g the a n g l e s b e t w e e n the a l l o w e d 
d i f f r a c t i o n v e c t o r s q and the i n c i d e n t v e c t o r q . T h e a l l o w e d d i f f r a c t e d 
o 
v e c t o r s c a n t h e n b e p r o j e c t e d onto a s p h e r i c a l s u r f a c e and c o m p a r e d 
w i t h o b s e r v e d d i f f r a c t i o n p a t t e r n s s u c h a s g i v e n in F i g . 3(b) for a c l e a n 
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t u n g s t e n ( 1 1 0 ) s u r f a c e b o m b a r d e d w i t h 3 0 0 e v e l e c t r o n s . 
F o r s u r f a c e s w i t h a d s o r b e d g a s l a y e r s o r o t h e r c o n t a m i n a n t s , 
t h e L E E D p a t t e r n s m a y be c o n s i d e r a b l y m o r e c o m p l i c a t e d t h a n s h o w n 
i n F i g . 3 ( b ) . F o r e i g n a t o m s o n a c r y s t a l s u r f a c e c a n a s s u m e 2 - D 
s t r u c t u r e s c h a r a c t e r i z e d b y t r a n s l a t i o n v e c t o r s m u c h l a r g e r t h a n f o r 
t h e s u b s t r a t e c r y s t a l , a n d , b e c a u s e o f t h e r e c i p r o c a l r e l a t i o n s h i p b e ­
t w e e n s t r u c t u r e s a n d d i f f r a c t i o n p a t t e r n s , m a n y e x t r a r e f l e c t i o n s a r e 
o b s e r v e d . T h e s e p r o b l e m s o f e x t r a f e a t u r e s a n d r e g i s t r y b e t w e e n 
g 
s u r f a c e a n d s u b s t r a t e s t r u c t u r e s a r e d i s c u s s e d b y L a n d e r a n d c a n 
n o t b e p r o f i t a b l y r e v i e w e d h e r e . 
A f i n a l n o t e m u s t b e m a d e c o n c e r n i n g s u r f a c e c r y s t a l l o g r a p h y . 
F o r t h r e e - d i m e n s i o n a l d i f f r a c t i o n , r e c i p r o c a l l a t t i c e p o i n t s a r e i n d e x e d 
u s i n g t h e M i l l e r i n d i c e s h , k , £ c o r r e s p o n d i n g t o t h e p l a n e s p a c i n g d . 
nK>C/ 
I n t h e c a s e o f L E E D , t h e p a t t e r n s e x h i b i t a s t r o n g p l a n e g r a t i n g c h a r a c ­
t e r i n t h a t t h e a l l o w e d r e f l e c t i o n s a r e v i s i b l e a t n e a r l y a l l w a v e l e n g t h s . 
T h i s m e a n s t h a t t h e t h i r d L a u e c o n d i t i o n c a n b e e s s e n t i a l l y d i s r e g a r d e d , 
a n d p a t t e r n s c a n b e i n d e x e d u s i n g t h e 2 - D i n d i c e s h , k . T h e n o t a t i o n i s 
t h e n q u i t e a n a l o g o u s w i t h c o n v e n t i o n s r e l i e d u p o n i n 3 - D c r y s t a l l o g r a p h y 
e x c e p t t h a t f r a c t i o n a l o r d e r i n d i c e s d e s c r i b i n g t h e e x p a n d e d s u r f a c e n e t s 
g 
a r e f r e q u e n t l y e n c o u n t e r e d . A n e x c e l l e n t r e f e r e n c e o n t h i s s u b j e c t i s 
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p r o v i d e d b y W o o d . 
I n t e n s i t y A n a l y s i s 
D i f f r a c t i o n i n t e n s i t i e s i n L E E D h a v e n o t as y e t r e c e i v e d a s a t i s -
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f a c t o r y t h e o r e t i c a l d e s c r i p t i o n . P r o b l e m s e n c o u n t e r e d i n the t h e o r e t i c a l 
w o r k i n c l u d e a l a c k of d e t a i l e d u n d e r s t a n d i n g of t h e c r y s t a l i n n e r p o t e n ­
t i a l , h i g h p r o b a b i l i t y f o r m u l t i p l e s c a t t e r i n g , s t r o n g a b s o r p t i o n due to 
b o t h e l a s t i c a n d i n e l a s t i c p r o c e s s e s , p o l a r i z a t i o n and e x c h a n g e e f f e c t s , 
and u n k n o w n a t o m i c - s c a t t e r i n g f a c t o r s . T h e a t o m i c - s c a t t e r i n g f a c t o r s 
c a n not b e c a l c u l a t e d p r e c i s e l y b e c a u s e of s e v e r e l i m i t a t i o n s in t h e a p ­
p l i c a b i l i t y of the f i r s t B o r n a p p r o x i m a t i o n for the e n e r g y r a n g e of i n t e r ­
e s t . In s p i t e of t h e s e d i f f i c u l t i e s , t h e r e h a s b e e n s o m e a p p a r e n t s u c c e s s 
i n e x p l a i n i n g o b s e r v e d i n t e n s i t i e s in a f e w i n s t a n c e s , and s e v e r a l 
a p p r o a c h e s to t h i s p r o b l e m a r e m e n t i o n e d b r i e f l y b e l o w . 
P r o c e e d i n g a g a i n b y a n a l o g y wi th x - r a y d i f f r a c t i o n m e t h o d s of 
a n a l y s i s , o n e s e e k s to f o r m u l a t e s t r u c t u r e f a c t o r s i n t e r m s of w h i c h o n e 
m a y e x p l a i n e x p e r i m e n t a l i n t e n s i t y d a t a and g e t i n f o r m a t i o n a b o u t t h e 
p e r i o d i c d i s t r i b u t i o n of s c a t t e r i n g d e n s i t y n e a r t h e s u r f a c e of a c r y s t a l . 
In m o s t of the r e c e n t w o r k , a t t e m p t s h a v e b e e n m a d e to u s e s t r u c t u r e 
f a c t o r s c a l c u l a t e d o n the b a s i s of the k i n e m a t i c a l t h e o r y of d i f f r a c t i o n . 
U s i n g t h e k i n e m a t i c a l a p p r o a c h it i s a s s u m e d tha t a n e l e c t r o n i s s c a t ­
t e r e d o n l y o n c e , t h e r e i s no i n t e r a c t i o n b e t w e e n the i n c i d e n t and s c a t ­
t e r e d b e a m s , and t h a t i n t e n s i t y and w a v e l e n g t h a r e c o n s e r v e d . T h e s e 
a s s u m p t i o n s l e a d to the f o r m f a c t o r w h i c h , for n o r m a l l y i n c i d e n t e l e c -
g 
t r o n s , c a n b e w r i t t e n 
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F h k 
( X, 6) = Y f. ( X, 8) e x p 2 n i f h x . + ky. + ( 1 + Cos 6, , ) z . / X 1 , (3) 
w h e r e £ i s t h e a t o m i c - s c a t t e r i n g f a c t o r for the j t h a t o m and the s u m ­
m a t i o n i s o v e r a l l a t o m s . N o t e that t h i s e x p r e s s i o n for the f o r m f a c t o r 
h a s b e e n s p e c i a l i z e d f o r s l o w e l e c t r o n s i n that p e r i o d i c i t y in the d i r e c ­
t i o n n o r m a l to the s u r f a c e i s not e x p l i c i t l y r e q u i r e d . H o w e v e r , the 
e x p r e s s i o n d o e s not t a k e into a c c o u n t the o b v i o u s s t r o n g a b s o r p t i o n , the 
p o s s i b i l i t y of m u l t i p l e s c a t t e r i n g o r the o t h e r e f f e c t s of p o l a r i z a t i o n , 
e x c h a n g e and c r y s t a l i n n e r p o t e n t i a l . 
A m o d i f i e d k i n e m a t i c a l a p p r o a c h w h i c h i n t r o d u c e s c o r r e c t i o n s 
to E q . (3) b a s e d on h i g h e r o r d e r t e r m s in the B o r n e x p a n s i o n i s d e -
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s c r i b e d by P a l m b e r g and P e r i a . The s t r o n g a b s o r p t i o n i s c o n s i d e r e d 
by a s s u m i n g t h a t t h e s u m m a t i o n [ a s in E q . (3) ] i n c l u d e s o n l y a t o m s in 
the f i r s t f e w l a y e r s ; i n n e r p o t e n t i a l c o r r e c t i o n s a r e m a d e c r u d e l y by 
a d d i n g to the i n c i d e n t b e a m e n e r g y the a v e r a g e v a l u e of the i n n e r p o t e n ­
t i a l . T h e s e m o d i f i c a t i o n s do not s i g n i f i c a n t l y i m p r o v e the a c c u r a c y of 
the r e s u l t s in m o s t c a s e s , m a i n l y b e c a u s e d y n a m i c a l e f f e c t s a r e not 
c o n s i d e r e d . 
O n e c a n i n c l u d e a m o r e e x p l i c i t d e s c r i p t i o n of the a b s o r p t i o n by 
g 
i n t r o d u c i n g into E q . (3) a t r a n s m i s s i o n a m p l i t u d e f a c t o r p e r a t o m l a y e r 
T ( a
 ( t ) . a i s a c o m p l i c a t e d f u n c t i o n r e p r e s e n t i n g i n e l a s t i c l o s s e s , and t 
i s a f a c t o r t a k i n g into a c c o u n t e l a s t i c l o s s e s by r e f l e c t i o n . In s o m e i n -
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s t a n c e s i t h a s b e e n found tha t t h e i n t e n s i t y data c a n b e e x p l a i n e d b y s u m ­
m i n g the s c a t t e r i n g a m p l i t u d e o v e r a t o m s c l e a r l y v i s i b l e f r o m a b o v e the 
g 
s u r f a c e in a c o n v e n t i o n a l c r y s t a l s t r u c t u r e m o d e l . T h i s s i m p l e c o r r e c ­
t i o n to the s t r u c t u r e f a c t o r t h e n b e c o m e s 
F
h kU. 8) = £ t (T-)fj(X, 6) e x p 2 n i hx. + ky . + (1 + fts 6 h k ) z . / , (4) 
w h e r e ^ ( T ) i s the t r a n s m i s s i o n a m p l i t u d e f a c t o r p e r a t o m , w h i c h m a y be 
t a k e n a s un i ty o r z e r o ( o r m o r e r e a s o n a b l e v a l u e s a s s i g n e d ) , d e p e n d i n g 
on v i s i b i l i t y f r o m a b o v e t h e s u r f a c e . It m u s t b e e m p h a s i z e d tha t t h e s e 
d e s c r i p t i o n s r e p r e s e n t a d r a s t i c o v e r s i m p l i c a t i o n in that t h e y t r e a t the 
p e n e t r a t i o n d e p t h o r t o t a l a b s o r p t i o n a s b e i n g i n d e p e n d e n t of i n c i d e n t 
b e a m e n e r g y ; t h i s i s not a r e a l i s t i c a s s u m p t i o n for s l o w e l e c t r o n s . 
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H i r a b a y a s k i and T a k e i s h i h a v e d e v e l o p e d a d y n a m i c a l t h e o r y 
of s l o w e l e c t r o n d i f f r a c t i o n w h i c h i s an e x t e n s i o n of v o n L a u e ' s t h e o r y 
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of t h e d i f f r a c t i o n of e l e c t r o n s b y a s i n g l e a t o m l a y e r . In t h i s 
a p p r o a c h , the S c h r o d i n g e r e q u a t i o n i s r e d u c e d to a s e t of c o u p l e d o r d i ­
n a r y d i f f e r e n t i a l e q u a t i o n s u s i n g t h e t w o - d i m e n s i o n a l F o u r i e r t r a n s f o r m 
of the s c a t t e r i n g p o t e n t i a l . W a v e f u n c t i o n s a r e o b t a i n e d w h i c h c a n t h e n 
b e u s e d t o c o m p u t e s c a t t e r e d i n t e n s i t i e s . T h e e f f e c t of i n e l a s t i c s c a t t e r ­
ing i s a c c o u n t e d for by i n t r o d u c i n g a c o m p l e x p o t e n t i a l e n e r g y , a s o f t e n 
d o n e in o p t i c s . T h e m a i n l i m i t a t i o n of t h e t h e o r y i s that i n t e r f e r e n c e s 
31 
b e t w e e n r e f l e c t i o n s w e r e c o n s i d e r e d in d e t a i l o n l y i n a t w o - b e a m a p p r o x 
i m a t i o n . 
A m u l t i p l e - s c a t t e r i n g t r e a t m e n t of L E E D i n t e n s i t i e s h a s b e e n 
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c a r r i e d out by M c R a e . T h e t r e a t m e n t i s b a s e d o n L a x ' s m u l t i p l e -
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s c a t t e r i n g e q u a t i o n s and p r o v i d e s a s e l f - c o n s i s t e n t d e s c r i p t i o n w h i c h 
e f f e c t s a s e p a r a t i o n b e t w e e n the p r o b l e m of the d i f f r a c t i o n of e l e c t r o n s 
by a c r y s t a l and t h e a t o m i c - s c a t t e r i n g p r o b l e m . T h i s s e p a r a t i o n i s i m ­
p o r t a n t i n tha t a t o m i c - s c a t t e r i n g p h a s e s h i f t s o b t a i n e d s e p a r a t e l y c a n be 
u s e d a s input for a c o m p u t a t i o n , and e f f e c t s s u c h a s s p i n and c h a r g e c o r 
r e l a t i o n in a t o m i c s c a t t e r i n g c a n be i n c o r p o r a t e d c o n v e n i e n t l y in the ca l ­
c u l a t i o n s . 
A l t h o u g h a c o m p l e t e and f u l l y s a t i s f a c t o r y c a l c u l a t i o n of L E E D 
i n t e n s i t i e s h a s not y e t b e e n p u b l i s h e d , i t i s p e r h a p s n o t e w o r t h y that o u t ­
s t a n d i n g c o n t r i b u t i o n s i n t h i s f i e l d h a v e b e e n m a d e d u r i n g the p a s t t w o 
y e a r s ( a s i n d i c a t e d by the p u b l i c a t i o n d a t e s of the p r i n c i p a l r e f e r e n c e s 
c i t e d ) . I n t e r e s t in p r e c i s e i n t e n s i t y i n t e r p r e t a t i o n s i s g r o w i n g b o t h o n 
the p a r t of t h e o r i s t s and e x p e r i m e n t a l i s t s , s o that a r a p i d i n c r e a s e in 
u n d e r s t a n d i n g i s to be e x p e c t e d w i t h i n the n e x t f e w y e a r s . 
C h a r a c t e r i s t i c E n e r g y L o s s e s 
B a c k s c a t t e r i n g of S l o w E l e c t r o n s 
T h e d i s c u s s i o n i s n o w t u r n e d t o a c o n s i d e r a t i o n of t h o s e p r o c ­
e s s e s w h e r e b y e l e c t r o n s i n the i n c i d e n t b e a m l o s e d i s c r e t e a m o u n t s of 
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e n e r g y i n s i n g l e - e l e c t r o n or c o l l e c t i v e e x c i t a t i o n s . T h e s e c h a r a c t e r i s ­
t i c l o s s e s a r e r e p r e s e n t e d b y the s m a l l b r o a d p e a k s in r e g i o n II of 
F i g . 2 ; the d i f f e r e n c e s in e n e r g y b e t w e e n t h e s e p e a k s and the p r i m a r y 
e n e r g y a r e c o n s t a n t , i n d e p e n d e n t of the p r i m a r y e n e r g y , and c h a r a c t e r ­
i s t i c of the s c a t t e r i n g s u b s t a n c e . 
A s i n the c a s e of e l a s t i c d i f f r a c t i o n , i n e l a s t i c c r o s s - s e c t i o n s 
f o r l o w - e n e r g y e l e c t r o n s a r e r e l a t i v e l y l a r g e . I n e l a s t i c l o s s e s p e r 
l a y e r in the e n e r g y r a n g e of a b o u t 100 e v a r e r e p o r t e d b y L a n d e r to b e 
g 
of t h e o r d e r of 50 p e r c e n t . T h e s e d a t a a r e c o n f i r m e d by r e s u l t s f o r 
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s c a t t e r i n g by g a s e o u s a t o m s and m o l e c u l e s , w h i c h s h o w m a x i m u m 
c r o s s - s e c t i o n s in t h e e n e r g y r a n g e b e t w e e n 50 and 100 e v . T h e t o t a l 
i n e l a s t i c c r o s s - s e c t i o n for s c a t t e r i n g b y a g a s i s l a r g e l y c o m p r i s e d of 
c r o s s - s e c t i o n s f o r s i n g l e i o n i z a t i o n ; f o r s o l i d s , p l a s m o n and p h o n o n 
l o s s e s m u s t a l s o b e c o n s i d e r e d . B e c a u s e of the l a r g e i n e l a s t i c c r o s s -
s e c t i o n s , t h e s e i n e l a s t i c p r o c e s s e s w i l l t e n d to l i m i t the p e n e t r a t i o n 
d e p t h of a b e a m of e l e c t r o n s i n c i d e n t u p o n a c r y s t a l , and m u l t i p l e 
l o s s e s a r i s i n g f r o m m u l t i p l e e x c i t a t i o n s a r e to b e e x p e c t e d . 
T w o m e c h a n i s m s p r o p o s e d to a c c o u n t for l o s s e s o b s e r v e d in the 
p r e s e n t s t u d y a r e i n t e r b a n d t r a n s i t i o n s and p l a s m a o s c i l l a t i o n s . T h e s e 
p r o c e s s e s d i f f e r in that a n i n t e r b a n d t r a n s i t i o n i n v o l v e s the p a i r - w i s e 
i n t e r a c t i o n b e t w e e n an e l e c t r o n in the i n c i d e n t b e a m and o n e of the c r y s ­
ta l e l e c t r o n s , w h e r e a s p l a s m a r e s o n a n c e s a r e c o l l e c t i v e e x c i t a t i o n s of 
the e l e c t r o n c l o u d i n v o l v i n g c h a r g e d e n s i t y f l u c t u a t i o n s in s o m e p a r t i c u -
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l a r s m a l l v o l u m e of the s a m p l e . O n the o t h e r hand, e n e r g y l o s s v a l u e s 
f o r t h e t w o p r o c e s s e s a r e of the s a m e m a g n i t u d e , and it i s o f t e n d i f f i c u l t 
to d i s t i n g u i s h b e t w e e n t h e m in e x p e r i m e n t a l d a t a . 
O b s e r v i n g c h a r a c t e r i s t i c l o s s e s in a b a c k - r e f l e c t i o n e x p e r i m e n t 
i s c o m p l i c a t e d b y t h e f a c t t h a t the m a x i m u m a n g l e of d e f l e c t i o n f o r an 
e l e c t r o n l o s i n g e n e r g y by e x c i t i n g an i n t e r b a n d t r a n s i t i o n or p l a s m o n i s 
g e n e r a l l y q u i t e s m a l l . T h i s c a n b e s e e n by s i m p l y r e q u i r i n g c o n s e r v a ­
t i o n of m o m e n t u m for t h e i n t e r a c t i o n a s p i c t u r e d s c h e m a t i c a l l y i n 
F i g u r e 4 . S c h e m a t i c D r a w i n g of I n e l a s t i c S c a t t e r i n g E v e n t w i t h L i n e a r 
M o m e n t u m C o n s e r v e d . 
q i s the w a v e v e c t o r of the i n c i d e n t e l e c t r o n , k i s the w a v e v e c t o r of the 
e x c i t a t i o n , and q - k d e s c r i b e s the e l e c t r o n a f t e r the s c a t t e r i n g e v e n t . 
T h e a n g l e of d e f l e c t i o n 8 i s g i v e n by 
F i g . 4 . 
k 
x 
t a n 8 = - k 
(5) 
3 4 
w h e r e k ± and ky a r e the c o m p o n e n t s of k n o r m a l and p a r a l l e l to q^ r e ­
s p e c t i v e l y . A n u p p e r l i m i t k c a n b e i m p o s e d o n the v a l u e of k e i t h e r 
r 1 r r
 m a x 
f r o m c o n s e r v a t i o n of e n e r g y o r , i n t h e c a s e of p l a s m o n e x c i t a t i o n , by 
no t ing t h a t the c o n c e p t of c o l l e c t i v e o s c i l l a t i o n s l o s e s m e a n i n g f o r p l a s -
4 6 
m o n w a v e l e n g t h s a s s m a l l a s the a v e r a g e i n t e r e l e c t r o n s p a c i n g . T a k ­
ing the w o r s t c a s e w i t h k M = 0 and k , = k . the m a x i m u m a n g l e of 
| m a x 
d e f l e c t i o n 8 b e c o m e s 
m a x 
3 = t a n k (6) 
m a x m a x 
q o 
A t y p i c a l v a l u e of 8 i s o b t a i n e d for 100 e v e l e c t r o n s 
m a x 
8 - 1 (q = 5 . 4 x 10 c m ) b y s e t t i n g k = k . w h e r e k i s the c r i t i c a l o / J O
 M A X C C 
8 - 1 
w a v e v e c t o r d e r i v e d f r o m t h e i n t e r e l e c t r o n s p a c i n g (k = 1. 85 x 10 c m 
f o r t u n g s t e n ) . T h e s e n u m b e r s g i v e 8 = 1 8 . 7 ° , and f r o m E q . (6) i t 
m . c i x 
i s c l e a r that m u c h s m a l l e r v a l u e s a r e o b t a i n e d f o r h i g h e r e n e r g y i n c i ­
d e n t e l e c t r o n s . T h e e s s e n t i a l r e s u l t i s that the a n g l e of d e f l e c t i o n i s 
not s u f f i c i e n t to r e v e r s e the d i r e c t i o n of s l o w e l e c t r o n s i n c i d e n t u p o n 
a t h i c k s a m p l e . T h i s m e a n s that , if the e l e c t r o n s a r e to u n d e r g o s u c h 
l o s s e s and a l s o b e b a c k s c a t t e r e d f r o m the s a m p l e s o a s t o b e c o l l e c t e d 
and m e a s u r e d , t w o s c a t t e r i n g e v e n t s a r e r e q u i r e d . A n e l e c t r o n in the 
i n c i d e n t b e a m c a n e x p e r i e n c e an i n e l a s t i c c o l l i s i o n ( m o s t l i k e l y an 
i n c o h e r e n t p r o c e s s ) and s u b s e q u e n t l y be e l a s t i c a l l y d i f f r a c t e d b y the 
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lattice. Alternatively, the electrons which are first coherently back-
scattered by the crystal (and which would appear in the diffraction 
m a x i m a of the L E E D pattern) can lose energy in the inelastic process 
and not be scattered appreciably out of the diffracted beams. Experi­
mentally the sequence of the scattering events is quite significant. If 
the electrons lose energy after elastic diffraction by the crystal, one 
should find these electrons in a diffuse cluster around the expected dif­
fraction maxima, while the electrons which are diffracted after the in­
elastic scattering would give rise to new reflections in the L E E D pat­
terns (apparently of very low intensity). 
Single-Electron Excitations 
Single-electron excitations in a metal represent processes in 
which electrons in the metal are raised from states at or below the 
Fermi surface to unoccupied states in the same or in higher order 
Brillouin zones; these excitations are accompanied by corresponding 
losses of energy and m o m e n t u m on the part of primary electrons in­
cident upon the solid. These transitions, which result from the two-
body Coulomb interaction between the primary and metal electrons, 
m a y be divided into several different cases depending on the energy 
bands involved and the m o m e n t u m selection rules which must be sat­
isfied: 
1. Intraband Transitions -- Electrons in a particular band 
(usually only the conduction band) are excited to unoccupied states 
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in the same band. The transitions are essentially free-electron inter­
actions described by a momentum conservation law involving only the initial and the final momenta of the two interacting electrons. 2. Interband Transitions -- Electrons are excited from states 
at or below the Fermi surface (including the lower-lying atomic levels) to vacant states in any of the Brillouin zones. Momentum is conserved directly in the two-body interaction and there is no momentum trans­ferred to the lattice. 3. Umklapp Processes -- These are interband type transitions 
which involve mainly those electrons originating in the upper-lying bands near the Fermi surface. Momentum is not conserved directly in the two-body interaction; rather, there is an exchange of momentum 
with the lattice as a whole. The momentum conservation law includes the reciprocal lattice vector, and transitions are possible in which the 
wavevector of a metal electron is changed by a large amount even though the wavevector change of the corresponding primary electron is extremely small. The essential features of the interband type transitions to be dealt with here are the values of the energy losses sustained by the primary electrons and the dependence of the excitation probabilities 
on primary energy. Following the guides of experimental data, the discussion is aimed mainly at umklapp processes involving conduction band electrons. Early studies of these processes were made by 
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F r b ' h l i c h , 47 R u d b e r g and S l a t e r , 48 and W o o l d r i d g e . 49 T h e s e e a r l i e r 
c a l c u l a t i o n s h a v e b e e n c o r r e c t e d and e x t e n d e d in m o r e r e c e n t w o r k 
50 51 52 
r e p o r t e d by D e k k e r and v a n d e r Z i e l , ' B a r o o d y and V i a t s k i n 
it i s o n t h e s e l a t e r c a l c u l a t i o n s that t h e d i s c u s s i o n b e l o w i s b a s e d . 
e l e c t r o n v o l t s f r o m o n e of t h e p r i m a r y e l e c t r o n s to o n e of the m e t a l 
e l e c t r o n s , and w i l l be r e g a r d e d a s a r i s i n g f r o m the u n s c r e e n e d C o u ­
l o m b i n t e r a c t i o n b e t w e e n t h e t w o e l e c t r o n s . It i s c o n v e n i e n t t o a s s u m e 
at the o u t s e t t h a t the e n e r g y of the p r i m a r y e l e c t r o n i s l a r g e e n o u g h t o 
c o n s i d e r it a s f r e e , s o t h a t i t s e n e r g y i s ft2K2/2m and i t s w a v e f u n c ­
t i o n e x p [ i K • R ] . T h e w a v e f u n c t i o n of t h e l a t t i c e e l e c t r o n w i t h w a v e -
v e c t o r k i s r e p r e s e n t e d by tyr ( r ) and i s a s s u m e d to b e n o r m a l i z e d p e r 
un i t v o l u m e . 
If t h e r e w e r e no i n t e r a c t i o n b e t w e e n the t w o e l e c t r o n s , the w a v e 
f u n c t i o n of t h e s y s t e m w o u l d b e 
T h e e x c i t a t i o n s to be c o n s i d e r e d i n v o l v e t h e t r a n s f e r of a f e w 
- i E t 
i K - R 
(7) Y = e 
w h e r e t h e t o t a l e n e r g y E i s g i v e n b y 
E = E(k) + ft
2K3 
2 m (8) 
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H o w e v e r , b e c a u s e of t h e i n t e r a c t i o n V = e 2 / | R - r | , t r a n s i t i o n s a r e 
p o s s i b l e s u c h that the l a t t i c e e l e c t r o n g o e s f r o m s t a t e k t o k ' and t h e 
p r i m a r y f r o m K to K ' . T h e w a v e f u n c t i o n r e p r e s e n t i n g t h e t w o e l e c ­
t r o n s at t i m e t c a n t h e n b e w r i t t e n 
- i E ' t 
iK" .R 
Y(t) = £ £ A k " k " ( t ) e ' ' * k " < ' > e h ' ( 9 ) 
k" K" 
w h e r e 
*
2 K " 2 
T r e a t i n g the i n t e r a c t i o n V a s a p e r t u r b a t i o n , the S c h r b d i n g e r e q u a t i o n 
f o r the t w o - p a r t i c l e s y s t e m i s w r i t t e n 
{ H Q + XV } Y(t) = i f t - ^ Y ( t ) . ( 11 ) 
S u b s t i t u t i n g t h e e x p a n s i o n f o r Y( t ) , o n e o b t a i n s ( s e e f o l l o w i n g p a g e ) 
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- i E " t 
II 
k" k" 
. , , iK". R h 
k" k / / ( t ) e ( r ) 6 
(12) 
• iE"t 
^ V V a ,4.x e 2 i K " . R . - A 
k" k" 
M u l t i p l y i n g b o t h s i d e s by e ^ ^ ty- , (r ) a n d i n t e g r a t i n g o v e r t h e v o l u m e 
of the c r y s t a l , E q . (12) c a n b e w r i t t e n 
- i ( E " - E ')t 
A - - —  V V A -
A k ' K ' ~ it, L L k"K" 
k"K" r R 
" " e 2 i ( K " - K ' ) . R 
| R - r *k"*k
 6 drdR. 
(13) 
A s u s u a l , o n e e x p a n d s the Ar- , ' s 
L k ' K ' ~ Z k ' K ' ' (14) 
and s u b s t i t u t i n g i n t o E q . (13) o n e g e t s 
> s A ( - s ) -




i(K" - K') • R 
k"K" s 
r R R - r 
(15) 
4 0 
- i ( E " - E / )t 
^k" ^k ' e d r d R 
T a k i n g t e r m s not i n v o l v i n g X one f i n d s 
A ( j ? ! k , = 0 , (16) 
and one a s s u m e s that i n i t i a l l y the s y s t e m i s in a s t a t e d e f i n e d by w a v e -
v e c t o r s k and K s o that 
A k ' K ' = \ , k' 6 K , K ' ' ( 1 7 ) 
N o w the f i r s t o r d e r t e r m s c a n be c a l c u l a t e d w i t h the r e s u l t 
A ( 1 ) - 1 
k'k' - i* " " 
i ( E - E / )t 
e S
 i (K - K') . R * ^ ,= , -
 < i a , 
- r f i
 d R d
" <18» 
A s s u m i n g that the i n t e r a c t i o n c o m m e n c e s at t --- 0, one c a n w r i t e 
4w>-TIN ^ . s ^ . " ^ * * - * -
o r R. 
(19) 
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Using the identity 50, 54 
,2 i(K- K 7 ) • R 
: e 
R. |R-r 
dk -- ^f- e i q * r (20) 
where q = K - k 7 , Eq. (19) can be reduced to 
A k ' k ' ( t > 
1 
ifi J 
4tt e 2 i q • r 
-i(E - E 7 )t 
dr dt. (21) 
o r 
Carrying out the integration over time one obtains finally 
A k ' k 7 ( t ) 
4tt e 2 e 
i(E - E 7 )t 
h 
- 1 
E - E ' 







 ^-(r) ^ ( r ) d r (23) 
The transition probability for the transition k, K -» k 7, K 7 is 
2 
defined by A- ,-, and m a y be expressed 
k K. 
4 2 
Si - fa(E'-E)t) 
2
 3 2 t t 2 e 4 * J 2 
N o t e that f o r l a r g e v a l u e s of t, the t r a n s i t i o n p r o b a b i l i t y h a s a s t r o n g 
m a x i m u m f o r E ' - E = 0 o r w h e n e n e r g y i s c o n s e r v e d in the t w o - b o d y 
i n t e r a c t i o n . 
R e s t r i c t i n g the d i s c u s s i o n now to the c a s e of w e a k l y bound l a t ­
t i c e e l e c t r o n s , o n e o b s e r v e s tha t the w a v e f u n c t i o n s d e s c r i b i n g t h e s e 
e l e c t r o n s a r e s o l u t i o n s of the S c h r o d i n g e r e q u a t i o n w i t h a p e r i o d i c po­
t e n t i a l . T h i s m e a n s tha t the w a v e f u n c t i o n s m u s t s a t i s f y the r e l a t i o n 
^ ( r + G ) = t k ( r ) e l k , G ^ ( 2 5 ) 
w h e r e G i s a l a t t i c e v e c t o r . N e x t , it i s c o n v e n i e n t to r e w r i t e E q . (23) 
a s 
1 = £ J e i q * ( R + G ) ^ _
 ( ; + G ) ^ , ( r + G ) dr (26) 
C Ar 
w h e r e the i n t e g r a t i o n i s o v e r the unit c e l l at the o r i g i n and the s u m m a ­
t i o n i n c l u d e s a l l l a t t i c e v e c t o r s . U s i n g E q . ( 2 5 ) , one c a n w r i t e E q . (26) 
a s 
4 3 
I = I Q I e i ( k - k ' + q ) - G ^ ( 2 ? ) 
In t h i s l a s t e x p r e s s i o n , I i s the v a l u e of t h e i n t e g r a l of E q . (23) t a k e n 
o v e r the un i t c e l l at the o r i g i n . T h e s u m h a s a n o n - z e r o v a l u e o n l y 
w h e n the t e r m s f r o m a l l of the l a t t i c e p o i n t s a r e i n p h a s e . T h i s g i v e s 
the m o m e n t u m s e l e c t i o n r u l e 
k ' = k + q + 2 n H (28) 
w i t h H a r e c i p r o c a l l a t t i c e v e c t o r . When t h i s s e l e c t i o n r u l e i s s a t i s ­
f i e d , t h e s u m in E q . (27) i s j u s t N , the n u m b e r of uni t c e l l s i n the c r y s ­
t a l . 
The e n e r g y t r a n s f e r r e d f r o m the p r i m a r y to the l a t t i c e e l e c t r o n 
c a n be d e t e r m i n e d by s o l v i n g t h e e n e r g y c o n s e r v a t i o n r e l a t i o n i m p l i e d 
by E q . (24) s i m u l t a n e o u s l y w i t h the m o m e n t u m s e l e c t i o n r u l e a b o v e . 
T h i s e n e r g y l o s s i s g i v e n b y 
* T h e s u m m a t i o n l e a d i n g to the m o m e n t u m s e l e c t i o n r u l e [ E q . ( 2 8 ) ] i s 
o v e r un i t c e l l s i n the c r y s t a l and not o v e r s c a t t e r i n g c e n t e r s . T h i s 
m e a n s that c e r t a i n v a l u e s of H m a y be f o r b i d d e n b e c a u s e of c a n c e l l a t i o n 
due to o u t - o f - p h a s e c o n t r i b u t i o n s f r o m s c a t t e r i n g c e n t e r s w i t h i n the i n ­
d i v i d u a l un i t c e l l s . T h i s c a n c e l l a t i o n i s in d i r e c t a n a l o g y w i t h the s i t u a ­
t i o n f o r x - r a y d i f f r a c t i o n . 5 5 F o r the c a s e of a b o d y - c e n t e r e d c u b i c 
c r y s t a l , o n l y v a l u e s of H d e s c r i b e d by M i l l e r i n d i c e s w h o s e s u m s a r e 
e v e n i n t e g e r s a r e p e r m i t t e d . 
G 
4 4 
A E = ( K 3 - K / S ) = E ( k ') - E(k) . ( 2 9 ) 
A s s u m i n g for the p u r p o s e of t h i s a p p r o x i m a t e c a l c u l a t i o n that the l a t t i c e 
e l e c t r o n i s e s s e n t i a l l y f r e e , the e n e r g y l o s s AE c a n be w r i t t e n 
A E = (k ' 2 - k 2 ) = ( 4 TT 3 H3 + q 2 + 4 n q • H + 4 n k .H + 2q . k), (30) 
t h e l a s t t e r m b e i n g o b t a i n e d by d i r e c t s u b s t i t u t i o n of E q . ( 2 8 ) . A v e r a g ­
ing t h i s e x p r e s s i o n for AE o v e r the i n i t i a l s t a t e s k and a s s u m i n g a 
f r e e - e l e c t r o n d e n s i t y of s t a t e s , one o b t a i n s 
AE = (4TT 2 H2 + q 2 + 4 n q • H) . (31) 
It m a y be n o t e d at t h i s po in t tha t t h e t r a n s i t i o n s c o r r e s p o n d i n g to H = 0 
a r e o r d i n a r y m o m e n t u m - c o n s e r v e d i n t e r b a n d and i n t r a b a n d t y p e t r a n s i ­
t i o n s and t h a t o n l y for n o n - z e r o v a l u e s of H a r e t h e u m k l a p p p r o c e s s e s 
i n v o l v e d . F o r the c a s e Pi - 0 the e n e r g y l o s s r e d u c e s to 
AE = -f- q 2 , (32) 
o dm 
and, to the e x t e n t that q / 2TT m a y be n e g l e c t e d in c o m p a r i s o n wi th the 
4 5 
s m a l l e s t n o n - v a n i s h i n g r e c i p r o c a l l a t t i c e v e c t o r , E q . (32) for H 0 
b e c o m e s 
R e t u r n i n g to the c a l c u l a t i o n of t r a n s i t i o n p r o b a b i l i t i e s , one 
n o t i c e s that E q . (24) e x p r e s s e s the p r o b a b i l i t y for a t r a n s i t i o n f r o m 
K to K' and k to k ' a s a f u n c t i o n of t i m e , w h e r e a s one d e s i r e s to h a v e 
t h e p r o b a b i l i t y p e r un i t t i m e for the i n c i d e n t e l e c t r o n to m a k e a t r a n s i ­
t i o n f r o m K t o a n e w s t a t e w i t h w a v e v e c t o r m a g n i t u d e b e t w e e n K ' and 
K '+ dK ' and d i r e c t i o n i n df i ' , w h i l e a m e t a l e l e c t r o n s i m u l t a n e o u s l y 
j u m p s f r o m k to k ' . T h i s n e w t r a n s i t i o n r a t e i s d e r i v e d f r o m 2 50 56 I A - , - , (t) I in the u s u a l w a y : ' (1) E q . (24) i s m u l t i p l i e d b y t h e 
n u m b e r of s t a t e s w i t h w a v e v e c t o r i n dQ ' and m a g n i t u d e in the r a n g e K' 
t o K ' + d K ' , i . e . , by m K ' d E ' dQ ' / ( 2 n ) 3 fi2 ; (2) the r e s u l t i n g e x p r e s ­
s i o n i s i n t e g r a t e d w i t h r e s p e c t to d E and (3) the p r o b a b i l i t y i s d i f f e r ­
e n t i a t e d w i t h r e s p e c t to t i m e to g i v e the p r o b a b i l i t y p e r unit t i m e . C a r ­
r y i n g out t h e s e o p e r a t i o n s o n e e a s i l y o b t a i n s the t r a n s i t i o n r a t e 
AE H H 
(33) 
m 
4 m e 4 K ' 
h3 q 4 2 dQ , 
(34) 
w h i c h c a n be f u r t h e r c h a n g e d to y i e l d the p r o b a b i l i t y p e r unit d i s t a n c e 
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a l o n g i t s p a t h that the i n c i d e n t e l e c t r o n w i l l m a k e a t r a n s i t i o n f r o m K 
to K' l y i n g in dfi ' , w i t h a m e t a l e l e c t r o n g o i n g f r o m k to k ' , by j u s t 
d i v i d i n g E q . (34 ) by the v e l o c i t y of the p r i m a r y e l e c t r o n , ftK/m. T h i s 
g i v e s 
P ( k , K ^ k / , k') dn/ = ^ l^' III 2 dp/ • ( 35 ) 
h q K 1 ! 
F i n a l l y , i n t e g r a t i n g t h i s e x p r e s s i o n o v e r s o l i d a n g l e , it i s p o s s i b l e to 
s h o w the d e p e n d e n c e of t h e e x c i t a t i o n r a t e on p r i m a r y e n e r g y by a 
r o u g h c a l c u l a t i o n w h i c h i s v a l i d o n l y for s m a l l v a l u e s of q . B e f o r e 
c a r r y i n g out the i n d i c a t e d i n t e g r a t i o n , it i s c o n v e n i e n t to m a k e no te of 
s e v e r a l a p p r o x i m a t e r e l a t i o n s h i p s . 
L e t t i n g 6 be the a n g l e b e t w e e n k ' and K, one h a s that 
q 2 - q 2 m . n = q 2 - ( K - K ' ) 2 = 2KK ' ( 1 - 9)«,K 29 2 , (36) 
w h e r e q r e p r e s e n t s the s m a l l e s t v a l u e of q for f i x e d v a l u e s of K and 
m i n 
K' ; the a p p r o x i m a t e e q u a l i t y on the r i g h t s i d e of t h i s e x p r e s s i o n h o l d s 
f o r the m a n y c o l l i s i o n s for w h i c h the a n g l e of d e f l e c t i o n 0 i s s m a l l , a s 
d i s c u s s e d at the b e g i n n i n g of t h i s s e c t i o n . F r o m e n e r g y c o n s e r v a t i o n 
o n e h a s 
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E(k') = E(k) + (K2 - K /2) . (37) 
Again, for small q, the momentum law can be rewritten 
k ' = k + 2TTH , (38) 
so that Eq. (37) gives 
qmin = K_K = *2(K+K') ~ fta K ' 
here e is given by 
e = E(k+ 2 N H) - E(k) , ' (40) 
and the small difference between K and K ' is neglected in the final term 
of Eq. (39)- Using Eq. (36), the element of solid angle dQ ' can be ap­proximated 
, , q d q d J 
d
 K 2 ' ' (41) $ being the azimuthal angle. Referring back to Eqs. (23) and (27) one finds that, for small q, the term exp i(q . r ) can be expanded in a 
4 8 
M c L a u r i n ' s s e r i e s , and , r e t a i n i n g o n l y the f i r s t t w o t e r m s , o n e h a s 
1 q • r 
e = 1 + l q • r . 
(42) 
T h e i n t e g r a l o v e r the unit c e l l , I , c a n n o w be w r i t t e n 
o 
J o = J t1 + l q ' r ] * k * k + 2 ^ H 
Ar 
dr (43) 
i q • [ r i|,r ilf,- . ^ dr 
Ar 
and I b e c o m e s 
I | = q 2 N 2 | r * k * k + 2 ^ H d r (44) 
S u b s t i t u t i n g E q s . (41) and (44) in to E q . ( 3 5 ) , the e x c i t a t i o n r a t e c a n be 
w r i t t e n 
P d f i ' = r r 4 m 2 e 4 K ' N 2 ^ q K 3 ; * k * l
 + 2 n H d r l
 d q d $ (45) 
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max 1 q 
mm 
E" 1 % (q / q . ) , 
p max min 
where E^ is the primary energy. Allowing values of q up to 
1 q « nH « (q . K ) 8 , 
nmax ^min (46) 
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and neglecting small contributions from larger values of q , one finds 
Pdf, ' c  1/2 07?(2Ep / e) . (47) 
This expression shows a relatively slow increase in the total transition 
rate with decreasing energy and is in agreement with the result ob-
52 
tained by Baroody in a more detailed calculation. One may then con­
clude that umklapp processes are as important for slow incident elec­
trons as for high-energy primaries. On the other hand, it must be 
noted that Eq. (47) does not express the possibility of a threshold energy 
below which the primary electron is not able to excite the transition, as 
E 
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w o u l d b e e x p e c t e d f r o m p h y s i c a l a r g u m e n t s . F u r t h e r , the r a n g e of 
v a l i d i t y of the c a l c u l a t i o n m u s t be r e s t r i c t e d to p r i m a r y e n e r g i e s of 
a b o u t 5 0 0 ev and a b o v e for e ~ 10 ev b e c a u s e of the a s s u m p t i o n of 
q < < n H . E v e n s o , one m i g h t e x p e c t that the a n g u l a r and e n e r g y 
m i n 1 
d i s t r i b u t i o n s w h i c h m a y be d e r i v e d f r o m E q . (35) w o u l d be q u a l i t a t i v e l y 
c o r r e c t for e l e c t r o n s w i t h e n e r g i e s a b o v e the t h r e s h o l d v a l u e . 
B u l k P l a s m a R e s o n a n c e s 
P l a s m a r e s o n a n c e s i n a m e t a l a r e c o l l e c t i v e o s c i l l a t i o n s of the 
e l e c t r o n c l o u d w h i c h a r i s e b e c a u s e of the l o n g r a n g e n a t u r e of the 
C o u l o m b i n t e r a c t i o n b e t w e e n a p r i m a r y e l e c t r o n and l a t t i c e e l e c t r o n s . 
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T h e s e c o l l e c t i v e e x c i t a t i o n s w e r e f i r s t e x p l a i n e d by B o h m and P i n e s 
in 1952 and h a v e s i n c e b e e n the s u b j e c t of n u m e r o u s t h e o r e t i c a l i n v e s -
15 , 4 6 , 5 8 - 6 2 _ , ,
 t , . 
t i g a t i o n s . s e v e r a l a p p r o a c h e s h a v e p r o v e d u s e f u l in e x a m ­
in ing t h i s c o l l e c t i v e b e h a v i o r of the e l e c t r o n g a s , i n c l u d i n g the c o l l e c -
62 
t i v e d e s c r i p t i o n of B o h m and P i n e s and the d i e l e c t r i c m o d e l to be 
c o n s i d e r e d b e l o w . In the l a t t e r c a s e , i t i s a s s u m e d that the e n s e m b l e 
of c o n d u c t i o n e l e c t r o n s in a m e t a l m a y be c h a r a c t e r i z e d b y a d i e l e c t r i c 
c o n s t a n t w h i c h i s a f u n c t i o n b o t h of t h e f r e q u e n c y and w a v e v e c t o r of the 
e l e c t r o m a g n e t i c d i s t u r b a n c e . The d i e l e c t r i c a p p r o a c h o f f e r s the a d v a n ­
t a g e tha t o n e i s a b l e to d e s c r i b e b o t h c o l l e c t i v e and i n d i v i d u a l e l e c t r o n 
i n t e r a c t i o n s w i t h i n the s a m e f r a m e w o r k . H o w e v e r , it m u s t be n o t e d 
that the s u c c e s s of t h i s t h e o r y h i n g e s on the f a c t that the r a n g e of the 
i n t e r a c t i o n i s l a r g e c o m p a r e d w i t h i n t e r e l e c t r o n i c s p a c i n g s . 
51 
O f s p e c i f i c i n t e r e s t h e r e a r e t h e f o r m o f t h e e x c i t a t i o n p r o b ­
a b i l i t y p e r u n i t p a t h l e n g t h a n d t h e e n e r g y l o s s v a l u e s o f l o w - e n e r g y 
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p r i m a r y e l e c t r o n s . F o l l o w i n g R i t c h i e ' s d e r i v a t i o n , t h e m e t a l i s 
t r e a t e d as a n i n f i n i t e , c o n t i n u o u s , h o m o g e n e o u s n e u t r a l p l a s m a w i t h 
c o m p l e x d i e l e c t r i c c o n s t a n t e,- - I t i s c o n v e n i e n t t o d e s c r i b e a n 
k , u) 
i n c i d e n t e l e c t r o n as a p o i n t c h a r g e m o v i n g a l o n g a w e l l d e f i n e d p a t h 
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w i t h v e l o c i t y v . T h i s m o v i n g c h a r g e g i v e s r i s e t o a c h a r g e d e n s i t y 
D ( r , t ) - - e 6 ( r - v t ) . ( 48 ) 
T h e f i e l d g e n e r a t e d i n t h e p l a s m a i s g i v e n b y P o i s s o n ' s e q u a t i o n , 
e v 2 5(r, t ) = - 4TTD(r, t ) . ( 4 9 ) 
I n F o u r i e r s p a c e P o i s s o n ' s e q u a t i o n m a y be w r i t t e n f o r i n d e p e n d e n t 
v a r i a b l e s k a n d <JJ 
4TT p 
k, u) 
k , w 
^ . (50 ) 
T h e p o t e n t i a l $ i s r e g a r d e d as a p e r t u r b a t i o n a c t i n g o n t h e e l e c t r o n s o f 
t h e m e t a l . T h i s p e r t u r b a t i o n c a u s e s t r a n s i t i o n s f r o m o c c u p i e d t o u n ­
o c c u p i e d l e v e l s ; e l e c t r o n s m a k i n g s u c h t r a n s i t i o n s a c q u i r e e n e r g y fiw 
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a n d m o m e n t u m ft k w i t h c o r r e s p o n d i n g l o s s e s b y t h e p r i m a r y e l e c t r o n s . 
T h e p r o b a b i l i t y f o r t h e a b s o r p t i o n o f e n e r g y ftyj a n d m o m e n t u m 
ftk p e r u n i t p a t h l e n g t h f o r t h e p r i m a r y e l e c t r o n i s g i v e n b y 
P - = W - (51 ) 
k, (ju ftuu k, iju 
w i t h W r t h e e n e r g y a b s o r b e d b y t h e m e d i u m p e r u n i t v o l u m e i n k 
k , uu 
s p a c e , p e r u n i t f r e q u e n c y i n t e r v a l a n d p e r u n i t p a t h l e n g t h . T h e t o t a l 
e n e r g y a b s o r b e d p e r u n i t p a t h l e n g t h i s g i v e n b y 
d w 
d x 
= f f W - d k d , j , (52 ) 
a n d t h e e n e r g y l o s s p e r u n i t p a t h l e n g t h i n t h e m e d i u m i s w r i t t e n 
^ = e E I = — v . E | . ( 53 ) d x x 1 - v i _ _ 
r - v t r = v t 
H e r e E i s t h e e l e c t r i c f i e l d d u e t o t h e m e d i u m a l o n e , 
E = R e ( - V $ ) I - - • ( 54 ) 
1
 r = v t 
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T h e p o t e n t i a l $ c a n n o w be d e r i v e d f r o m t h e c h a r g e d i s t r i b u t i o n 
of E q . ( 4 8 ) . B y d e f i n i t i o n , 
p(r, t) 
(2n) 4 J 
e i ( k . r + u ) t ) d - d j j = _ e 6 ( - r . - t ) . ( 5 5 ) 
k, ou 
U s i n g the i d e n t i t y 
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5 (x - x ' ) = 
(2TT)-= (56) 
o n e m a y w r i t e 
6 ( r - v t ) = ( 2 n ) : e
i k , ( r
"
V t )
 dk (57) 
1 r T i(k . r + rjjt) 
( 2 n ) 6(k . v + a)) dkdo) • 
C o m p a r i n g the f o r m of E q . (57) w i t h the e x p r e s s i o n for the c h a r g e d i s ­
t r i b u t i o n p(r, t) g i v e n in E q . (55) one o b s e r v e s tha t p- i s g i v e n b y 
k, ai 




Poisson's equation then becomes 




Finally, the potential $(r,t) is written 
(60) 
(2tt)< 
i(k . r + uut) 8 n 2 e 5(k . v + ^ ) -
e — — dk do) 
e,- k^ 
k, u  
Taking the gradient of the last expression one obtains 
- V (2n) 4 
- i(k • r + out) 8n 3e 5(k . v + m) -
k e — i —r, ' dk d'ju 
k,;.iu 
(61) 
This gives for the energy loss per unit path length of Eq. (53) 
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•dw 
d x R e 
v • (- v § ) (62) 
• v e 
i(k • r + put) 1 6(k » v + uu ) dk duu 
r = v t 
T h e c o n d i t i o n r = v t m a y b e i n c l u d e d e x p l i c i t l y b y c a r r y i n g out the 
i n t e g r a t i o n o v e r uu , 
- d w = R e 
d x 
I 
ie' I 2 n s v 
k • v e i k . ( r - vt) 





= R e r i e
2
 f .-
i T f T J k - v G k , - k • v k 2 
dk 




r - i e 2 
l TT2 v (JU k, uu 6(k » v + uu) k 2 duu dk (64) 
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o r 
- a w -e dx n 2 v 5(k « v + (ju) uuRe ( — ) ,;3 duu dk . (65) o er / k' k, u  
T h e p r o b a b i l i t y p e r unit pa th l e n g t h P - i s r e l a t e d to the 
k» •!) 
d w 
e n e r g y l o s s —— by the d e f i n i t i o n s of E q s . (51) and (52) and m a y be 
w r i t t e n 
T D e 3 / 1 \ 5(k . v + IJU ) , , 
k, u  n 2 f t v I e,- y k 2 
k, ou 
A s m a y be s e e n f r o m t h i s e x p r e s s i o n , t h e d e t a i l e d d e p e n d e n c e of t h e 
e x c i t a t i o n p r o b a b i l i t y i s d e t e r m i n e d by the f o r m a s s u m e d for the c o m ­
p l e x d i e l e c t r i c c o n s t a n t . 
A f o r m for the c o m p l e x d i e l e c t r i c c o n s t a n t e i s d e r i v e d in 
k, u  
d e t a i l i n A p p e n d i x A for t h e c a s e of n e a r l y f r e e e l e c t r o n s . T a k i n g the 
r e s u l t of t h i s c a l c u l a t i o n , one h a s f r o m E q . ( A - 3 6 ) 2 m
2
 I D 2 
= 1 + V F ( E ) { l— (67) 
k, uJ ft k ,_,
 L L ^ - - „ m . 
k^  + 2k • k + ( uu- i Y) 
n n ft T 
2 m 
where u  is the classical plasma frequency given in Eq. (A-37). 
P 
Combining the denominators of Eq. (67), e- m a y be written 
k, u  
'k, u  
L n t U ' - 1 Y + m k ' V " ~ j (68) 
Expanding the denominator of this expression and assuming u  to be 
large compared with other terms, one obtains 
- 1 






4 m 2 
'JU 
^ k . k +4^3 (k.k ) 
U) m n (ju m ^ n_ 
(uu - iy)2 
(69) 
Substituting this expansion into Eq. (68) and replacing the sum over 
states by an integral, one writes for a free electron density of states, 
'k,oi uu' 
(.ju- i Y) 2(2n) 2N 
T  \ { *
2 k 4 
1 + 
4m 2uj 2 
2h 
muu kk lis 0 (70) 
n n 
m^ uu 
k 2 k 2 fe2 9 \ k 2 sin P d0 dk 
n n J n n n n 
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In this equation N is the free electron density, and k is the Fermi 
m o m e n t u m which is related to N by 
2 k 3 
N
 = •
 ( 7 1 ) 
Carrying out the indicated integrations, one finds 
e- = 1 - ^ J 1 + ^ k 4
 + 3 f t 3 k 2 k Q | u  (uu-iy)S L 4 m 3 o ) 3 5 m 2 u ) 2 J 
( (jj- i Y ) s - (JU3 (1+6) 
E 
(uu - iy ) 3 
where 6 is defined to be 
m
2!ju2 V 4 5 o ' 
For substitution into the equation for the probability per unit 
path length, one needs Im ^ —— ^ , which is obtained directly from 
Eq. (72). 
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e- / I (UU- iy)2 - UJ (1 + M k, UU P 
(UU 2 - 2iyuu) (UU 2 - M 3 (1 + 6) + 2iyuu) 
Im J E. { [ U U 2 - UU 2(l+ ^)1 3+4 Y 2 T 2 
P 
2vuu2 UU(1 + 6 ) 
P 
[ 'i!2 - <j£ (1+ M]2 + 4 Y 2 U U 2 
(74) 
Combining this result with Eq. (66) one has finally for P-
k, 'JU 
k, UU " T T 2 * V k 2 [ UU 2 - UU2 (1 + 6 ) ] 2 + 4 Y 2 UU 2 * ' 
The result derived in Eq. (75) is the probability per unit path 
length for collective excitations of the nearly free electron gas. As 
can be seen from this equation, P- shows a strong resonance when 
k, UU 




for small values of the damping constant y . This resonance condition 
is satisfied within the above approximations if <v and •> are related by 
ur w m ' 4 
3k 2 k : 
(77) 
which is the same plasma dispersion relation derived by B o h m and 
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Pines using the collective approach. The energy loss sustained by 
a primary electron exciting a bulk plasmon is then given by fix and 
exhibits the dependence on the value of the wavevector of the excita­
tion as predicted by Eq. (77). 
Returning to Eq. (75), the dependence of the excitation proba­
bility on the energy of the primary electron can now be examined. 
Dividing the wavevector of the excitation, k, into k M and k ± , compo­
nents parallel and perpendicular to the incident electron velocity v, 
one m a y integrate P- over k n to get 
k, uu 
2 Y '« 8 p x(l+ 8) 
ou TT2 ftV ['ju3- a" (1 + 6) ] 2 + 4 Y 
P 
3 D 3 
6(ki i v+ 'ju) 
k 2 x + k 3 
dk. (78) 
2 Y ' J L 3 uj (1 + 6 ) 
n 3 * v 2 uu (1 
p 
6 ) ] 2 + 4 Y 2uu3 UJ 
v £ 
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The dependence of P on primary energy may now be written 
(JU v2 k2 + uus m 2E k2 + ai,x3 P (79) As the term muu 2 is generally many orders of magnitude larger than the multiplicative factor Zk2^ , one finds that the transition rate is 
nearly constant or increases very slowly with decreasing primary 
energy. This again suggests that this excitation is of importance for 
slow electrons, but, as in the case of the single-electron excitations, 
no threshold for excitation is predicted, and the applicability of the re­
sults would be restricted to primary energies well above the experi­
mental threshold value. The free-electron model of the complex dielectric constant can 
not generally be applied to metals for which the plasmon frequency is 
affected by the presence of single-electron excitations. Such discrete transitions were not considered in either the derivation of the dielectric 
constant or in Eq. (70), which was obtained assuming a free-electron density of states. When such transitions are important, one must use a 
59 form for e - given by Nozieres and Pines k, u  
29 
* For an excitation energy = 20 ev, muj2 = 3. 3 x 10 gm/s2 , whereas using kj - kQ = 1.85 x 10s cm-1 as for Eq. (6), one obtains 2k21 = 6.8x10 16 gm/s2 . 
k , u  1 - 4TT e
2 
m (80) on n 
In this expression the f (k) are transition probabilities or oscillator 
strengths for transitions characterized by excitation energy The effect of this coupling of single-particle and collective excitations 
can then be considered by substituting Eq. (80), in place of Eq. (72), into the expression for the transition probability, and the plasmon dispersion relation can be obtained simply by noting the resonance 
condition implied by Eq. (66), namely 
for mj equal to the collective excitation frequency. Combining equations (80) and (81) one gets 
"k , u  0 (81) 
1 (82) on n 
and this expression can be used to predict the energy loss value for the primary electron in the collective excitation for known interband type transitions. In practice, however, the oscillator strengths for 
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the s i n g l e - e l e c t r o n t r a n s i t i o n s a r e not k n o w n , and t h e u s e of E q . (82 ) 
i s l i m i t e d to s h o w i n g t h a t the g e n e r a l e f f e c t of h i g h e r l y i n g i n t e r b a n d 
t r a n s i t i o n s i s to d e p r e s s t h e p l a s m o n f r e q u e n c y t o w a r d l o w e r v a l u e s , 
w h e r e a s t r a n s i t i o n s w i t h e x c i t a t i o n e n e r g i e s l e s s t h a n the p l a s m o n 
e n e r g y t e n d to r a i s e t h e p l a s m o n f r e q u e n c y t o w a r d h i g h e r v a l u e s . 
F o r a m o r e d e t a i l e d a n a l y s i s i t i s n e c e s s a r y to o b t a i n the f r e q u e n c y 
d e p e n d e n c e of the c o m p l e x d i e l e c t r i c c o n s t a n t s e p a r a t e l y f r o m o p t i -
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c a l r e f l e c t i v i t y d a t a o r o t h e r m e a n s , a s e m p h a s i z e d by R a e t h e r . 
T h i s c o u p l i n g of i n t e r b a n d t r a n s i t i o n s and c o l l e c t i v e o s c i l l a t i o n s i s 
p a r t i c u l a r l y s i g n i f i c a n t in the f i r s t t r a n s i t i o n s e r i e s m e t a l s f o r w h i c h 
t h e r e i s no s a t i s f a c t o r y t h e o r e t i c a l f o r m u l a t i o n , and the u s e of o p t i ­
c a l d a t a i n i n t e r p r e t i n g the c h a r a c t e r i s t i c l o s s e s i n t h i s c a s e h a s b e e n 
66 
d i s c u s s e d i n d e t a i l by J o r d a n and S c h e i b n e r . 
T h e a d v a n t a g e of the d i e l e c t r i c t h e o r y of e n e r g y l o s s e s a s d i s ­
c u s s e d a b o v e i s tha t the r e l a t i o n s h i p b e t w e e n s i n g l e - p a r t i c l e and c o l ­
l e c t i v e e x c i t a t i o n s i s c l e a r l y d i s p l a y e d i n t h e f o r m c h o s e n for t h e c o m ­
p l e x d i e l e c t r i c c o n s t a n t . F u r t h e r , t h e r e s o n a n c e c o n d i t i o n p r e d i c t e d 
i n d i c a t e s h o w o n e s h o u l d p r o p e r l y c o n s i d e r the c o m p l e x d i e l e c t r i c c o n ­
s t a n t o b t a i n e d f r o m o p t i c a l d a t a in o r d e r to c l a r i f y the i n t e r p r e t a t i o n 
of c h a r a c t e r i s t i c e n e r g y l o s s e s . T h e t h e o r y i s a p p l i c a b l e to t h e c a s e 
of l o w - e n e r g y p r i m a r y e l e c t r o n s , e x c e p t f o r the t h r e s h o l d r e s t r i c t i o n 
a l r e a d y m e n t i o n e d and to t h e e x t e n t that the i n c i d e n t p a r t i c l e m a y be 
d e s c r i b e d a s f o l l o w i n g a w e l l d e f i n e d t r a j e c t o r y w i t h f i x e d v e l o c i t y v . 
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S u c h a n a s s u m p t i o n i s r e a l i s t i c o n l y f o r e l e c t r o n s w i t h e n e r g i e s g r e a t 
e n o u g h n o t t o b e c h a n g e d a p p r e c i a b l y b y l o s s e s i n t h e m e d i u m , i . e . , 
e l e c t r o n s w i t h e n e r g i e s o f s e v e r a l h u n d r e d ev o r g r e a t e r u n d e r g o i n g 
l o s s e s o f 10 t o 20 e v . H o w e v e r , i t i s n o t c l e a r w h a t e f f e c t t h e a p p l i ­
c a b i l i t y o f t h i s a p p r o x i m a t i o n h a s o n t h e r e s u l t s f o r t h e c a s e o f s i n g l e 
s c a t t e r i n g e v e n t s , a n d r e s u l t s m i g h t b e e x p e c t e d t o be q u a l i t a t i v e l y 
c o r r e c t f o r m u c h s l o w e r e l e c t r o n s . M u l t i p l e e x c i t a t i o n s , o n t h e o t h e r 
h a n d , r e q u i r e f u r t h e r c o n s i d e r a t i o n . 
S u r f a c e P l a s m a R e s o n a n c e s 
T h e c a l c u l a t i o n s on b u l k r e s o n a n c e s a s s u m e d a n i n f i n i t e s o l i d ; 
e f f e c t s o f b o u n d i n g s u r f a c e s w e r e n o t c o n s i d e r e d . A similar a n a l y s i s 
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m a y b e c a r r i e d t h r o u g h f o r a f i n i t e s o l i d , a n d , as S H . I V I b y R i t c h i e , 
t h e e f f e c t o f t h e s u r f a c e s i s t o p r o d u c e r e s o n a n c e s s i m i l a r t o t h e b u l k 
c o l l e c t i v e e x c i t a t i o n s , b u t o c c u r r i n g a t a l o w e r c h a r a c t e r i s t i c f r e ­
q u e n c y . T h e s e o s c i l l a t i o n s o f r e d u c e d e n e r g y r e s u l t f r o m a d e c r e a s e 
i n t h e e l e c t r i c f i e l d i n t h e m e d i u m v e r y n e a r t h e s u r f a c e d u e t o d e p o ­
l a r i z i n g e f f e c t s a s s o c i a t e d w i t h t h e s u r f a c e . 
R i t c h i e ' s c a l c u l a t i o n s w e r e c o n c e r n e d w i t h f a s t e l e c t r o n s i n c i ­
d e n t u p o n a t h i n f o i l . T h e f o i l w a s t r e a t e d as a c o n t i n u o u s , n e u t r a l 
p l a s m a i n f i n i t e i n t w o d i m e n s i o n s , a n d b o u n d e d b y p a r a l l e l p l a n e s o r i ­
e n t e d n o r m a l t o t h e i n c i d e n t b e a m w i t h s e p a r a t i o n d i s t a n c e a . A g a i n , 
t h e d i e l e c t r i c t h e o r y w a s u s e d t o d e t e r m i n e t h e e x c i t a t i o n p r o b a b i l i t y 
f o r t h e s u r f a c e r e s o n a n c e . A p p r o x i m a t i o n s i n h e r e n t i n t h e c a l c u l a t i o n 
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r e s t r i c t the v a l i d i t y of r e s u l t s to h i g h - e n e r g y p r i m a r y e l e c t r o n s , and , 
for t h i s r e a s o n , the d e r i v a t i o n of t h i s e x c i t a t i o n p r o b a b i l i t y i s not d i s ­
c u s s e d i n d e t a i l . H o w e v e r , s i n c e i t a p p e a r s that the r e s u l t s m a y be a t 
l e a s t q u a l i t a t i v e l y c o r r e c t for s l o w e l e c t r o n s and s i n c e a rriore a p p l i ­
c a b l e t r e a t m e n t h a s not b e e n d e s c r i b e d , it i s a p p r o p r i a t e to s u m m a r i z e 
s o m e of the k e y f e a t u r e s of R i t c h i e ' s c a l c u l a t i o n . 
T h e a p p r o a c h t a k e n i s q u i t e s i m i l a r to that u s e d in d e s c r i b i n g 
the e x c i t a t i o n of bulk r e s o n a n c e s . The i n c i d e n t e l e c t r o n i s d e s c r i b e d 
a s a p o i n t c h a r g e m o v i n g a l o n g a w e l l d e f i n e d path w i t h v e l o c i t y v, and 
o n e c a l c u l a t e s the p o t e n t i a l t h r o u g h o u t a l l s p a c e due to t h i s c h a r g e , 
i n c l u d i n g the m o d i f y i n g e f f e c t of the f o i l . T h e e n e r g y l o s s in the 
m e d i u m i s d e f i n e d by E q . ( 5 3 ) , and m a y be e x p r e s s e d i n t e r m s of the 
p o t e n t i a l $ and a s an i n t e g r a l o v e r k and u)» in a n a l o g y w i t h E q . ( 6 0 ) . 
F i n a l l y , u s i n g the d e f i n i t i o n s f o r the e x c i t a t i o n p r o b a b i l i t y , E q s . (51) 
and ( 5 2 ) , one i s a b l e to o b t a i n the e x c i t a t i o n p r o b a b i l i t y p e r uni t pa th 
l e n g t h , p e r uni t v o l u m e i n k s p a c e , and p e r un i t f r e q u e n c y i n t e r v a l , 
w h i c h , f o r the s u r f a c e r e s o n a n c e , c o r r e s p o n d s to E q . ( 6 6 ) . 
T h e e s s e n t i a l d i f f e r e n c e in t h i s d e s c r i p t i o n and the one for the 
bu lk r e s o n a n c e l i e s in the c a l c u l a t i o n of the p o t e n t i a l in t e r m s of the 
c h a r g e d i s t r i b u t i o n r e p r e s e n t i n g the i n c i d e n t p a r t i c l e . It i s c o n v e n i e n t 
to u s e the l i n e a r i z e d B l o c h h y d r o d y n a m i c a l e q u a t i o n s to d e s c r i b e the 
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b e h a v i o r of the p e r t u r b e d c o n d u c t i o n e l e c t r o n s . ' A s s u m i n g i r r o t a -
t i o n a l m o t i o n , t h e s e e q u a t i o n s for p o i n t s i n s i d e the fo i l m a y be w r i t t e n 
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+ | f = - — $ + — (83) dt m mp 
o 
V25 = 4Tie p + 4TTe 6 (x - vt) 6(y) 6(z) , (85) 
Here, § , \|/ and p are regarded as perturbations around the undisturbed 
state; Y is a damping constant; - Vi]j is the velocity of the perturbed 
electrons; P/ p is the pressure change per unit number density in the 
undisturbed plasma; the x direction is parallel to v and normal to the 
foil; and P is given by the expression 
2/3
 D 2/3 
3 h
 ^ ° (86) 
8TT J 3 m 
The equations (83), (84) and (85) are respectively the force, continuity 
and Poisson's equations. Outside the foil one uses only Poisson's equa­
tion 
V2 £ = 4rre 6(x-vt) 6(y) 5(z) . (87) 
Following the guide of the previous calculation, one would next 
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t r a n s f o r m t h e s e e q u a t i o n s in to t h e i r r e s p e c t i v e e x p r e s s i o n s in F o u r i e r 
s p a c e . H o w e v e r , b e c a u s e of the p l a n a r b o u n d a r i e s , t h i s t r a n s f o r m c a n 
b e c a r r i e d t h r o u g h o n l y in t w o d i m e n s i o n s , and the B l o c h e q u a t i o n s a r e 
r e d u c e d to a s e t of l i n e a r , o r d i n a r y d i f f e r e n t i a l e q u a t i o n s i n the v a r i ­
a b l e x . B o u n d a r y c o n d i t i o n s w h i c h m u s t be s a t i s f i e d a r e t h a t the e l e c ­
t r i c p o t e n t i a l and e l e c t r i c f i e l d i n t e n s i t y m u s t be c o n t i n u o u s and t h e 
n o r m a l c o m p o n e n t of the e l e c t r o n v e l o c i t y m u s t v a n i s h at the fo i l s u r ­
f a c e s . T h e s o l u t i o n s to t h e s e e q u a t i o n s a r e o b t a i n e d i n a s t r a i g h t f o r ­
w a r d m a n n e r , e x c e p t tha t t h e b o u n d a r y c o n d i t i o n s a r e r a t h e r c u m b e r ­
s o m e . R i t c h i e ' s r e s u l t for the e x c i t a t i o n p r o b a b i l i t y m a y be e x p r e s s e d 
in the l i m i t of a t h i c k f o i l a s 
In t h i s e x p r e s s i o n , a i s the fo i l t h i c k n e s s , e i s the c o m p l e x d i e l e c t r i c 
t o c o m p a r e the f o r m of E q . (88) w i t h the e x p r e s s i o n s o b t a i n e d f o r the 
bulk e x c i t a t i o n p r o b a b i l i t y , E q s . (66) and ( 7 8 ) ; it i s a p p a r e n t that the 
f i r s t t e r m i n E q . (88) i s t h e e x c i t a t i o n p r o b a b i l i t y p e r uni t pa th l e n g t h 
(88) 
c o n s t a n t , and k ± i s the c o m p o n e n t of k n o r m a l to v . It i s of i n t e r e s t 
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f o r a n i n f i n i t e s o l i d m u l t i p l i e d b y the e q u i v a l e n t p a t h l e n g t h i n t h e m e d i ­
u m , a. T h e s e c o n d t e r m t h e n r e p r e s e n t s t h e b o u n d a r y c o r r e c t i o n . 
A s i n t h e c a s e of the bu lk r e s o n a n c e , one m a y n o w e x a m i n e the 
d e t a i l e d d e p e n d e n c e s of t h e e x c i t a t i o n p r o b a b i l i t y and o b t a i n t h e p l a s -
m o n d i s p e r s i o n r e l a t i o n s by s u b s t i t u t i n g the p r o p e r f o r m f o r t h e c o m ­
p l e x d i e l e c t r i c c o n s t a n t . In t h i s r e g a r d , i t m u s t be n o t e d tha t a c o n ­
s i d e r a b l e d i f f i c u l t y i s e n c o u n t e r e d i n a t t e m p t i n g a q u a n t u m m e c h a n i c a l 
d e r i v a t i o n of the d i e l e c t r i c c o n s t a n t f o r a f in i t e s o l i d . If o n e a s s u m e s 
t h a t the e l e c t r o n s m o v e i n a f i e l d t o w h i c h t h e y a l l g i v e r i s e , a s in 
A p p e n d i x A, t h e n o n e f inds f o r a f i n i t e f o i l that t h e F o u r i e r c o m p o n e n t s 
of the f i e l d a r e not p r o p o r t i o n a l to t h e s a m e F o u r i e r c o m p o n e n t s of the 
s o u r c e s [ s e e for c o m p a r i s o n E q . ( A - 2 1 ) ] . H e n c e , the d i e l e c t r i c c o n ­
s t a n t a s i t i s u s u a l l y d e f i n e d d o e s not e x i s t in t h i s c a s e . H o w e v e r , it 
m a y b e s h o w n that the q u a n t u m c o r r e c t i o n s to the c l a s s i c a l e x p r e s s i o n 
a r e not l a r g e f o r f r e e e l e c t r o n s ( p a r t i c u l a r l y w h e n h i g h - e n e r g y p r i m a r -
•A AX A - 4 .
 6 2
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i e s a r e c o n s i d e r e d ) , and o n e m a y w r i t e 
e = 1 -
 a . . (89) 
u  - iy u  
T h i s r e s u l t i s a l s o o b t a i n e d v e r y e a s i l y f r o m E q . (72) b y n e g l e c t i n g the 
q u a n t u m c o n t r i b u t i o n s w h i c h g i v e r i s e to the k d e p e n d e n t d i s p e r s i o n . 
R e t u r n i n g n o w t o t h e e x p r e s s i o n for the e x c i t a t i o n p r o b a b i l i t y , 
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one n o t i c e s tha t t h e r e a r e t w o c o n d i t i o n s u n d e r w h i c h r e s o n a n c e s w o u l d 
be e x p e c t e d to o c c u r . T h e f i r s t r e s o n a n c e c o n d i t i o n , a f f e c t i n g the f i r s t 
t e r m of E q . ( 8 8 ) , i s e = 0 , w h i c h c o r r e s p o n d s t o the e x c i t a t i o n of the 
bulk p l a s m o n a l r e a d y c o n s i d e r e d ; the s e c o n d c o n d i t i o n , c o r r e s p o n d i n g 
to the s u r f a c e e x c i t a t i o n , i s e = - 1 . I m p o s i n g the l a t t e r on the e x p r e s ­
s i o n for e and n e g l e c t i n g the s m a l l t e r m due to d a m p i n g , one o b t a i n s 
i m m e d i a t e l y t h e e x p r e s s i o n f o r the f r e e - e l e c t r o n s u r f a c e p l a s m o n f r e ­
q u e n c y , 
UJ = , (90) 
. / 2 
w h e r e UJ ^ i s , of c o u r s e , the c l a s s i c a l o s c i l l a t i o n f r e q u e n c y f o r the 
e l e c t r o n g a s . 
F o r t h o s e m e t a l s w h i c h c a n not be d e s c r i b e d by the f r e e -
e l e c t r o n m o d e l , o n e m a y c h o o s e t o u s e a d i e l e c t r i c c o n s t a n t of the 
f o r m g i v e n i n E q . ( 8 2 ) . H o w e v e r , p r o b l e m s a s s o c i a t e d w i t h u n k n o w n 
o s c i l l a t o r s t r e n g t h s for the i n t e r b a n d t r a n s i t i o n s s t i l l r e m a i n . A p r e ­
c i s e a n a l y s i s w o u l d t h e r e f o r e r e q u i r e that the f r e q u e n c y d e p e n d e n c e of 
t h e c o m p l e x d i e l e c t r i c c o n s t a n t be o b t a i n e d by m e a n s , s u c h a s o p t i c a l 
d a t a . 
It h a s b e e n i m p l i c i t l y a s s u m e d t h r o u g h o u t t h i s d i s c u s s i o n that 
t h e p l a n a r s u r f a c e s of the m e t a l a r e b o u n d e d by v a c u u m . If, on the 
o t h e r hand , o n e a s s u m e s that the f o i l i s b o u n d e d by a d i e l e c t r i c , s u c h 
7 0 
a s a t h i n o x i d e l a y e r , a s i g n i f i c a n t c h a n g e i n the s u r f a c e p l a s m o n e x -
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c i t a t i o n r e s u l t s , a s s h o w n b y S t e r n and F e r r e l l . T h e y p r e d i c t e d that 
t h e e f f e c t of an o x i d e l a y e r w o u l d b e t o c a u s e a s m e a r i n g out and c o n ­
s e q u e n t d e c r e a s e i n i n t e n s i t y for t h e c h a r a c t e r i s t i c l o s s p e a k c o r r e s ­
p o n d i n g to the e x c i t a t i o n of the s u r f a c e r e s o n a n c e d e s c r i b e d by E q . 
( 9 0 ) . F u r t h e r , t h e y s h o w e d that a n e w l o s s s h o u l d a p p e a r due to the 
e x c i t a t i o n of a s u r f a c e r e s o n a n c e a t a f r e q u e n c y 
(JU. (JO V 1 + (91) 
w h e r e e ' i s t h e d i e l e c t r i c c o n s t a n t of t h e s u r f a c e o x i d e l a y e r ; o x i d e 
t h i c k n e s s e s on t h e o r d e r of 2 0 A s h o u l d b e s u f f i c i e n t to g i v e r i s e to 
the n e w l o s s at a l o w e r f r e q u e n c y , but the d e c r e a s e in i n t e n s i t y of the 
c l e a n s u r f a c e l o s s c o u l d c o n c e i v a b l y o c c u r for e v e n l o w e r c o v e r a g e s . 
M o r e o v e r , t h i s q u e n c h i n g of the c l e a n s u r f a c e r e s o n a n c e h a s i m p o r t a n t 
a p p l i c a t i o n in the i n t e r p r e t a t i o n of e x p e r i m e n t a l e n e r g y l o s s d a t a , to 
b e d i s c u s s e d l a t e r . 
T r u e S e c o n d a r y E m i s s i o n 
M u l t i p l e I n e l a s t i c C o l l i s i o n s 
T h e t r u e s e c o n d a r y e l e c t r o n s a p p e a r in t h e l a r g e l o w - e n e r g y 
p e a k ( r e g i o n III) of the s e c o n d a r y e l e c t r o n e n e r g y d i s t r i b u t i o n of F i g . 2 . 
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T h i s p e a k g e n e r a l l y a c c o u n t s for a t l e a s t 80 p e r c e n t of the t o t a l e l e c t r o n 
c u r r e n t e m i t t e d f r o m the s o l i d for p r i m a r y e l e c t r o n s w i t h 100 e v e n e r g y 
and a b o v e . I n c l u d e d i n t h i s r e g i o n of the d i s t r i b u t i o n a r e e l e c t r o n s w i t h 
e n e r g i e s up t o a b o u t 50 e v , a l t h o u g h t h e r e i s no c l e a r s e p a r a t i o n b e t w e e n 
the t r u e s e c o n d a r y e l e c t r o n s and r e d i f f u s e d p r i m a r i e s n o r m a l l y a s s o c i ­
a t e d w i t h the c h a r a c t e r i s t i c l o s s r e g i o n of the c u r v e . H o w e v e r , a d i s ­
t i n c t i o n c a n be m a d e b e t w e e n p e a k s r e p r e s e n t i n g e l e c t r o n s i n t h e s e t w o 
r e g i o n s i n tha t t r u e s e c o n d a r y e l e c t r o n s h a v e c o n s t a n t e n e r g y w i t h v a r y ­
ing p r i m a r y e n e r g y , w h e r e a s the e n e r g y of e l e c t r o n s u n d e r g o i n g c h a r a c ­
t e r i s t i c e n e r g y l o s s e s v a r i e s w i t h the p r i m a r y e n e r g y s u c h tha t the di f ­
f e r e n c e b e t w e e n the p r i m a r y and " l o s s " e n e r g y v a l u e s r e m a i n s c o n s t a n t . 
T h e d i s t r i b u t i o n of the t r u e s e c o n d a r y e l e c t r o n s i s r e l e v a n t to the 
i n t e r p r e t a t i o n of e x p e r i m e n t a l d a t a . H o w e v e r , t h e s h a p e of the b r o a d 
m u l t i p l e - s c a t t e r i n g p e a k and o t h e r f e a t u r e s of the d i s t r i b u t i o n a r e t o p i c s 
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of a n o t h e r i n v e s t i g a t i o n ' c u r r e n t l y in p r o g r e s s w h i c h w i l l f o r m the 
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b a s i s f o r a s u b s e q u e n t t h e s i s . C o n s e q u e n t l y , i t i s not n e c e s s a r y to 
g i v e an e x h a u s t i v e d e s c r i p t i o n of t h e s e p r o c e s s e s h e r e ; r a t h e r s o m e of 
the g e n e r a l f e a t u r e s of the s e c o n d a r y d i s t r i b u t i o n a r e d i s c u s s e d in o r d e r 
t o i d e n t i f y t h e m e c h a n i s m s i n v o l v e d and t o p e r m i t t h e l a t e r i n t e r p r e t a ­
t i o n of e x p e r i m e n t a l r e s u l t s . 
R e v i e w s of t h e s e c o n d a r y d i s t r i b u t i o n s h a v e b e e n g i v e n by 
10 14 2 4 M c K a y , D e k k e r and H a c h e n b e r g and B r a u e r . T h e g e n e r a l s h a p e 
of the t r u e s e c o n d a r y p e a k i s the s a m e f o r a l l m e t a l s ; it i s c h a r a c t e r -
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i z e d by a m a x i m u m in t h e r a n g e of 3 t o 5 e v . T h i s b r o a d p e a k i s c o n s i d ­
e r e d to r e s u l t f r o m e l e c t r o n s u n d e r g o i n g m u l t i p l e i n e l a s t i c c o l l i s i o n s 
in the s o l i d , and the s h a p e of t h i s p e a k t h u s i n d i r e c t l y r e p r e s e n t s the 
p r o b a b i l i t y that an e l e c t r o n i n v o l v e d in s u c h c o l l i s i o n s w i l L e s c a p e f r o m 
the s o l i d . P r e v i o u s c a l c u l a t i o n s h a v e d e a l t m a i n l y w i t h the m u l t i p l e -
s c a t t e r i n g n a t u r e of the s e c o n d a r y e m i s s i o n p r o c e s s e s ; t h e d e t a i l s of 
the a c t u a l i n t e r a c t i o n m e c h a n i s m s ( e s p e c i a l l y the c o l l e c t i v e e x c i t a t i o n s ) 
h a v e not b e e n c o n s i d e r e d . 
D i s c r e t e P r o c e s s e s 
S u p e r i m p o s e d on the h i g h - e n e r g y s i d e of the t r u e s e c o n d a r y p e a k 
a r e a n u m b e r of s u b s i d i a r y m a x i m a , a l s o s h o w n i n F i g . 2 . T h e s e m a x i ­
m a r e p r e s e n t e l e c t r o n s p r e f e r e n t i a l l y e m i t t e d f r o m the s o l i d a s a r e s u l t 
of d i s c r e t e p r o c e s s e s s u c h a s A u g e r e m i s s i o n or u m k l a p p p r o c e s s e s . 
S u b s i d i a r y m a x i m a h a v e b e e n c o n s i d e r e d i n e a r l i e r s t u d i e s b y H a y -
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w o r t h , L a n d e r , H a r r o w e r and o t h e r s ; the p e a k s w e r e e x p l a i n e d 
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b y L a n d e r o n the b a s i s of A u g e r t r a n s i t i o n s in the bulk . 
In an A u g e r p r o c e s s , an e l e c t r o n i s e x c i t e d f r o m a l o w - l y i n g 
e n e r g y l e v e l (A) by a c o l l i s i o n w i t h o n e of the p r i m a r y e l e c t r o n s . T h e 
e m p t y l e v e l m a y t h e n b e f i l l e d b y the a b s o r p t i o n of an e l e c t r o n f r o m a n 
u p p e r l e v e l ( B ) , and the e n e r g y r e l e a s e d a p p e a r s i n the f o r m of a n A u g e r 
e l e c t r o n e j e c t e d f r o m a n e a r b y u p p e r l e v e l ( C ) . T h e e n e r g y of t h e e m i t ­
t e d e l e c t r o n i s t h u s a f u n c t i o n of t h e e n e r g y v a l u e s f o r the p a r t i c i p a t i n g 
l e v e l s and m a y b e w r i t t e n 
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E = ( E A - E B ) - E c , (92) 
w h e r e (E - E ) i s the d e - e x c i t a t i o n e n e r g y and E i s the e n e r g y 
A J D C 
( m e a s u r e d r e l a t i v e to the v a c u u m l e v e l ) of the l e v e l f r o m w h i c h the 
A u g e r e l e c t r o n i s e j e c t e d . 
O n e m u s t a l s o c o n s i d e r the p o s s i b i l i t y of A u g e r t r a n s i t i o n s 
i n v o l v i n g the a t o m i c e n e r g y l e v e l s of f o r e i g n s p e c i e s a d s o r b e d on the 
s u r f a c e o r p r e s e n t a s bu lk i m p u r i t i e s . T h e s e t r a n s i t i o n s w o u l d be 
s i m i l a r to the A u g e r n e u t r a l i z a t i o n p r o c e s s e s d e s c r i b e d b y H a g -
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s t r u m . In the A u g e r n e u t r a l i z a t i o n p r o c e s s one of the a d s o r b e d g a s 
a t o m s i s i o n i z e d by the i m p a c t of o n e of the p r i m a r y e l e c t r o n s . T h e 
i o n , thus f o r m e d , i s t h e n n e u t r a l i z e d d i r e c t l y to i t s g r o u n d s t a t e by 
o n e of the bu lk m e t a l e l e c t r o n s , and a n A u g e r e l e c t r o n i s e j e c t e d f r o m 
o n e of t h e m e t a l l e v e l s in a n a l o g y w i t h t h e bu lk A u g e r p r o c e s s . T h e 
e n e r g y of the e m i t t e d e l e c t r o n i s a g a i n d e t e r m i n e d f r o m E q . (92) e x ­
c e p t tha t ( E ^ - E g ) m u s t n o w b e t a k e n to r e p r e s e n t the d e - e x c i t a t i o n 
e n e r g y in the a d s o r b e d i o n . 
I n a d d i t i o n to t h e t w o - e l e c t r o n A u g e r p r o c e s s e s , t h e r e a r e p o s ­
s i b l e t r a n s i t i o n s r e l a t e d t o t h e s i n g l e - e l e c t r o n e x c i t a t i o n s w h i c h g i v e 
r i s e to p r e f e r e n t i a l l y e m i t t e d e l e c t r o n s i n the s e c o n d a r y d i s t r i b u t i o n . 
S p e c i f i c a l l y , in the u m k l a p p p r o c e s s e s d i s c u s s e d e a r l i e r , a p r i m a r y 
e l e c t r o n l o s e s an a m o u n t of e n e r g y to o n e of t h e m e t a l e l e c t r o n s , t h e 
l a t t e r u s u a l l y o r i g i n a t i n g in one of the u p p e r l y i n g b a n d s . T h e e n e r g y 
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e x c h a n g e d i n t h e i n t e r a c t i o n i s g i v e n a p p r o x i m a t e l y b y E q . ( 3 3 ) , a n d 
o n e f i n d s t h a t t h i s e n e r g y is o f t e n s u f f i c i e n t f o r t h e m e t a l e l e c t r o n t o 
e s c a p e a n d b e o b s e r v e d i n t h e e x p e r i m e n t a l s e c o n d a r y d i s t r i b u t i o n s . 
T h e e n e r g y of t h i s e m i t t e d e l e c t r o n w o u l d t h e n be t h e e n e r g y l o s t b y t h e 
p r i m a r y e l e c t r o n m i n u s t h e e n e r g y r e q u i r e d t o r a i s e t h e m e t a l e l e c t r o n 
f r o m i t s i n i t i a l s t a t e t o t h e v a c u u m l e v e l . I t m a y b e f u r t h e r n o t e d f r o m 
t h e m o m e n t u m c h a n g e p r e d i c t e d f o r t h e m e t a l e l e c t r o n [ E q . ( 3 8 ) ] , t h a t 
t h e a n g u l a r d i s t r i b u t i o n o f u m k l a p p e l e c t r o n s s h o u l d b e v e r y h i g h l y a n i s ­
o t r o p i c , w h e r e a s t h e a n g u l a r d i s t r i b u t i o n s f o r e l e c t r o n s i n v o l v e d i n t h e 
m u l t i p l e i n e l a s t i c c o l l i s i o n s a r e g e n e r a l l y r e g a r d e d as b e i n g r a t h e r 
s m o o t h . 
S u m m a r y 
I n t h i s c h a p t e r s e v e r a l a s p e c t s o f t h e e l e c t r o n s c a t t e r i n g p r o b ­
l e m h a v e b e e n r e v i e w e d w i t h e m p h a s i s o n t h e i n t e r p r e t a t i o n o f e l e c t r o n 
s c a t t e r i n g e x p e r i m e n t s . S u c h i n t e r p r e t a t i o n s a r e c o m p l i c a t e d b y t h e 
r e l a t i v e l y l a r g e n u m b e r o f i n t e r a c t i n g p h e n o m e n a w h i c h c o n t r i b u t e t o 
f e a t u r e s o b s e r v e d i n t h e s c a t t e r e d d i s t r i b u t i o n s . F u r t h e r , t h e i n t e r ­
c o n n e c t i o n s e x i s t i n g b e t w e e n t h e v a r i o u s e l a s t i c a n d i n e l a s t i c p r o c e s s e s 
a r e f r e q u e n t l y n o t r e c o g n i z e d , e v e n t h o u g h t h e s e i n t e r r e l a t i o n s h i p s m a y 
h a v e a p r o n o u n c e d e f f e c t o n t h e o b s e r v e d d i s t r i b u t i o n s . I t i s , t h e r e f o r e , 
a p p r o p r i a t e t o s u m m a r i z e h e r e s o m e o f t h e m a i n t h e o r e t i c a l p o i n t s a n d 
t o o u t l i n e t h e i n t e r c o n n e c t i o n s as r e q u i r e d t o u n d e r s t a n d e x p e r i m e n t a l 
d a t a . I t s h o u l d be n o t e d , h o w e v e r , t h a t n o t a l l t o p i c s m e n t i o n e d i n t h i s 
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section are considered or applied in the sections which follow. 
The penetration depth of slow electrons incident upon a solid 
surface is very slight due to large cross-sections for both elastic and 
inelastic scattering. As a result, the scattered distributions are quite 
sensitive to surface conditions, and slow electron scattering provides 
a unique tool for investigating surface properties. On the other hand, 
the strong absorption leads to a high probability for multiple scattering 
and the penetration depth m a y depend sharply and irregularly on inci­
dent beam energy and direction because of diffraction contributions to 
the absorption. 
The elastic diffraction of low-energy electrons has not as yet 
received a satisfactory theoretical description. Problems encountered 
in the theoretical work are numerous; briefly stated, approximations 
relied upon in descriptions of high-energy electron scattering are not 
applicable in the slow electron case, and the presence of strong dyna­
mical effects, such as absorption, introduces serious errors in any 
discussion of intensities based on the kinematic theory. Diffraction 
intensities have thus not been fully exploited in surface studies. How­
ever, atomic structures of clean single-crystal surfaces and surfaces 
with ordered adsorbed gas layers can often be determined by interpret­
ing the corresponding L E E D patterns on the basis of two-dimensional 
diffraction in the kinematic approximation as discussed in connection 
with Fig. 3. 
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T h e c o n n e c t i o n b e t w e e n the i n e l a s t i c s c a t t e r i n g m e c h a n i s m s and 
d i f f r a c t i o n i n t e n s i t i e s f o r s l o w e l e c t r o n s h a s b e e n r e c o g n i z e d a s i m p o r -
8 37 
t a n t , b u t e v e n the m o r e e x a c t t r e a t m e n t s c o n s i d e r t h e s e i n e l a s t i c 
e f f e c t s o n l y in a n a v e r a g e m a n n e r a s an e f f e c t i v e a b s o r p t i o n o r i g n o r e 
t h e m e n t i r e l y . 
E l e c t r o n s i n c i d e n t on a s o l i d m a y l o s e d i s c r e t e a m o u n t s of 
e n e r g y by e x c i t i n g s i n g l e - e l e c t r o n t r a n s i t i o n s o r c o l l e c t i v e r e s o n a n c e s . 
T h e e n e r g y l o s s v a l u e i s g e n e r a l l y l e s s t h a n 50 e v and i s c h a r a c t e r i s t i c 
of the s a m p l e and i n d e p e n d e n t of the i n c i d e n t b e a m e n e r g y and d i r e c t i o n . 
R e q u i r i n g c o n s e r v a t i o n of l i n e a r m o m e n t u m , o n e f inds that the m a x i ­
m u m a n g l e of d e f l e c t i o n for the p r i m a r y e l e c t r o n u n d e r g o i n g s u c h a 
c h a r a c t e r i s t i c l o s s i s not s u f f i c i e n t t o r e v e r s e i t s d i r e c t i o n ; t h i s m e a n s 
t h a t , b e f o r e t h i s e l e c t r o n c a n b e r e f l e c t e d and t h u s e s c a p e f r o m the 
t h i c k s a m p l e i n t o t h e d e t e c t o r , at l e a s t t w o s c a t t e r i n g e v e n t s a r e r e ­
q u i r e d . T h e p r i m a r y e l e c t r o n s m a y l o s e e n e r g y i n the i n e l a s t i c p r o c e s s 
and s u b s e q u e n t l y b e e l a s t i c a l l y d i f f r a c t e d , o r , a l t e r n a t i v e l y , the e l e c ­
t r o n s m a y b e f i r s t e l a s t i c a l l y d i f f r a c t e d b y the c r y s t a l and t h e n l o s e 
e n e r g y in the e x c i t a t i o n , e s c a p i n g f r o m the s a m p l e w i t h o u t f u r t h e r s c a t ­
t e r i n g . In e i t h e r c a s e , t h e a n g u l a r d i s t r i b u t i o n s of the e l e c t r o n s r e c o r d ­
e d i n the l o s s p e a k c o r r e s p o n d i n g t o the i n e l a s t i c p r o c e s s w o u l d be d e t e r ­
m i n e d t o f i r s t o r d e r by the c o n d i t i o n s for e l a s t i c d i f f r a c t i o n ; for e x a m p l e , 
e l e c t r o n s f i r s t d i f f r a c t e d and t h e n l o s i n g e n e r g y i n t h e i n e l a s t i c e v e n t 
w o u l d f o r m a d i f f u s e r i n g about the e x p e c t e d d i f f r a c t i o n m a x i m a , and the 
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p o s i t i o n s of t h e s e d i f f u s e c l u s t e r s i n the p a t t e r n w o u l d b e d e t e r m i n e d b y 
t h e d i f f r a c t i o n c o n d i t i o n s and not b y d e t a i l s of the i n e l a s t i c p r o c e s s e s . 
S e v e r a l d i f f e r e n t t y p e s of s i n g l e - e l e c t r o n e x c i t a t i o n s m a y o c c u r : 
i n t r a b a n d t r a n s i t i o n s , i n t e r b a n d t r a n s i t i o n s and u m k l a p p p r o c e s s e s . 
T h e f i r s t t w o e x c i t a t i o n s a r e m o m e n t u m c o n s e r v e d , and the e n e r g y e x ­
c h a n g e d i n t h e i n t e r a c t i o n i s g i v e n by E q . ( 3 2 ) . U m k l a p p p r o c e s s e s 
i n v o l v e an e x c h a n g e of m o m e n t u m w i t h t h e l a t t i c e as a w h o l e , and the 
m o m e n t u m c o n s e r v a t i o n l a w c o n t a i n s the r e c i p r o c a l l a t t i c e v e c t o r ; the 
e n e r g y l o s s , in t h i s c a s e , i s g i v e n a p p r o x i m a t e l y by E q . ( 3 3 ) . T h e 
f o r m of the e x c i t a t i o n p r o b a b i l i t y for the s i n g l e - e l e c t r o n t r a n s i t i o n s i n ­
d i c a t e s t h a t t h e s e p r o c e s s e s a r e i m p o r t a n t for s l o w a s w e l l a s f a s t p r i ­
m a r y e l e c t r o n s ; no e x c i t a t i o n t h r e s h o l d i s p r e d i c t e d , but e x p e r i m e n t a l 
o b s e r v a t i o n s i n d i c a t e that s u c h a t h r e s h o l d s h o u l d be i n c l u d e d . 
P r i m a r y e l e c t r o n s e x c i t i n g bulk c o l l e c t i v e r e s o n a n c e s l o s e a n 
a m o u n t of e n e r g y , w h e r e &] m a y b e d e t e r m i n e d f r o m E q . (77) if the 
e l e c t r o n s p a r t i c i p a t i n g in the r e s o n a n c e a r e n e a r l y f r e e . T h e e f f e c t of 
b o u n d i n g s u r f a c e s i n a f in i t e s o l i d i s to i n t r o d u c e a s u r f a c e r e s o n a n c e 
o c c u r r i n g at a l o w e r c h a r a c t e r i s t i c f r e q u e n c y , w h i c h f o r the f r e e e l e c ­
t r o n c a s e i s g i v e n by E q . ( 9 0 ) . E x c i t a t i o n p r o b a b i l i t i e s i n d i c a t e that 
t h e s e p r o c e s s e s a r e i m p o r t a n t for s l o w p r i m a r y e l e c t r o n s , but c a l c u ­
l a t i o n s n e e d t o b e e x t e n d e d to d e s c r i b e v e r y s l o w p r i m a r y e l e c t r o n s 
and to i n c l u d e a t h r e s h o l d for e x c i t a t i o n . 
I n t e r b a n d t y p e t r a n s i t i o n s and p l a s m o n r e s o n a n c e s h a v e u s u a l l y 
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b e e n t r e a t e d i n d e p e n d e n t l y , a l t h o u g h t h e s e p r o c e s s e s a r e f o r s o m e m a t e ­
r i a l s s t r o n g l y c o u p l e d . In s u c h a c a s e t h e p l a s m o n f r e q u e n c y i s s h i f t e d 
s i g n i f i c a n t l y b e c a u s e of i n t e r b a n d t r a n s i t i o n s ; h i g h e r l y i n g i n t e r b a n d 
t r a n s i t i o n s s h i f t t h e p l a s m o n f r e q u e n c y to l o w e r v a l u e s , and l o w e r l y i n g 
i n t e r b a n d t r a n s i t i o n s s h i f t t h e p l a s m o n f r e q u e n c y t o w a r d h i g h e r v a l u e s , 
a s c a n b e s e e n f r o m E q . ( 8 2 ) . T h i s e f f e c t l e a d s t o o b v i o u s c o m p l i c a ­
t i o n s in t h e i n t e r p r e t a t i o n of e x p e r i m e n t a l e n e r g y l o s s d a t a s i n c e o s c i l ­
l a t o r s t r e n g t h s f o r the s i n g l e - e l e c t r o n e x c i t a t i o n s a r e not n o r m a l l y 
k n o w n ; i n t e r p r e t a t i o n s f o r s a m p l e s e x h i b i t i n g t h i s c o u p l i n g a r e f a c i l i ­
t a t e d by c o n s i d e r i n g the e n e r g y l o s s f u n c t i o n o b t a i n e d f r o m o p t i c a l r e ­
f l e c t i v i t y d a t a . 
S u b s i d i a r y m a x i m a i n the t r u e s e c o n d a r y d i s t r i b u t i o n r e s u l t 
f r o m the bu lk A u g e r e f f e c t , A u g e r n e u t r a l i z a t i o n of a d s o r b e d s p e c i e s 
and u m k l a p p p r o c e s s e s . T h e e n e r g i e s of the A u g e r e l e c t r o n s e m i t t e d 
a r e d e t e r m i n e d by the p a r t i c i p a t i n g e n e r g y l e v e l s in the s o l i d and a t o m i c 
l e v e l s of a d s o r b e d i o n s , a s e x p r e s s e d i n E q . (92). T h e e n e r g i e s of t h e 
u m k l a p p e l e c t r o n s m a y b e d e t e r m i n e d f r o m t h e e n e r g y l o s s v a l u e g i v e n 
in E q . (33) m i n u s t h e e n e r g y r e q u i r e d t o r a i s e the e j e c t e d e l e c t r o n f r o m 
i t s i n i t i a l s t a t e to the v a c u u m l e v e l . It i s i m p o r t a n t to n o t e tha t the e x c i ­
t a t i o n of u m k l a p p p r o c e s s e s n e c e s s a r i l y i m p l i e s an e n e r g y and m o m e n ­
t u m l o s s f o r the p r i m a r y e l e c t r o n and the e j e c t i o n of o n e of the m e t a l 
e l e c t r o n s ; t h i s m e a n s t h a t o n e s h o u l d b e a b l e t o c o r r e l a t e p e a k s in the 
c h a r a c t e r i s t i c l o s s r e g i o n of the s e c o n d a r y e l e c t r o n e n e r g y d i s t r i b u t i o n 
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w i t h s u b s i d i a r y m a x i m a in. t h e s e c o n d a r y r e g i o n r e p r e s e n t i n g the c o r ­
r e s p o n d i n g u m k l a p p e l e c t r o n s . 
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T h e n a t u r e o f t h e v a r i o u s e l a s t i c a n d i n e l a s t i c s c a t t e r i n g m e c h a ­
n i s m s m a y i n p a r t b e d e d u c e d f r o m a n i n t e r p r e t a t i o n o f t h e e n e r g y d i s ­
t r i b u t i o n s o f e l e c t r o n s b a c k - s c a t t e r e d f r o m w e l l d e f i n e d s o l i d s u r f a c e s . 
I t w a s , t h e r e f o r e , t h e o b j e c t i v e o f t h e e x p e r i m e n t a l p a r t o f t h i s s t u d y t o 
s e t u p a p p a r a t u s a n d d e v e l o p t e c h n i q u e s f o r o b t a i n i n g t h e s e s e c o n d a r y 
e l e c t r o n e n e r g y d i s t r i b u t i o n s f o r s l o w e l e c t r o n s r e f l e c t e d f r o m t h e ( 1 1 0 ) 
s u r f a c e o f t u n g s t e n . I n t h i s c h a p t e r t h e i n s t r u m e n t a t i o n i s d e s c r i b e d , 
a n d p r o c e d u r e s f o r o b t a i n i n g t h e e x p e r i m e n t a l d i s t r i b u t i o n s a r e p r e ­
s e n t e d ; i n a d d i t i o n , t h e s a m p l e p r e p a r a t i o n p r o c e d u r e s f o r t h e t u n g s t e n 
c r y s t a l a r e o u t l i n e d , a n d t h e c h a r a c t e r i z a t i o n o f s u r f a c e s t a t e s u s i n g 
L E E D p a t t e r n s i s d i s c u s s e d . 
A p p a r a t u s a n d P r o c e d u r e s 
E l e c t r o n O p t i c s 
T h e L E E D p a t t e r n s a n d s e c o n d a r y e l e c t r o n e n e r g y d i s t r i b u t i o n s 
w e r e o b t a i n e d u s i n g a p o s t - a c c e l e r a t i o n t y p e l o w - e n e r g y e l e c t r o n d i f ­
f r a c t i o n o p t i c s ; t h i s o p t i c s i s s i m i l a r t o t h e e a r l i e r v e r s i o n p i c t u r e d i n 
F i g u r e 1 , e x c e p t t h a t t h e p l a n a r g r i d s a n d s c r e e n h a v e b e e n r e p l a c e d 
b y s p h e r i c a l e l e m e n t s a n d a n e x t r a g r i d h a s b e e n a d d e d t o a c h i e v e b e t t e r 
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e n e r g y r e s o l u t i o n . T h i s o p t i c s c a n b e u s e d i n the n o r m a l f a s h i o n to 
o b t a i n L E E D p a t t e r n s f r o m t h e s u r f a c e s of i n t e r e s t , o r , w i t h the a d d i ­
t i o n of the t h i r d g r i d and c h a n g e s i n t h e e l e c t r o n i c s t o b e d e s c r i b e d , 
t h e o p t i c s c a n b e u s e d a s a s p h e r i c a l r e t a r d i n g f i e l d a n a l y z e r to o b t a i n 
e n e r g y d i s t r i b u t i o n c u r v e s f o r e l e c t r o n s b a c k - r e f l e c t e d f r o m the s a m ­
p l e i n t o the s o l i d a n g l e s u b t e n d e d b y t h e o p t i c s . 
T h e e l e c t r o n o p t i c s and a s s o c i a t e d e l e c t r o n i c s a r e i l l u s t r a t e d 
s c h e m a t i c a l l y i n F i g . 5. T h e o p t i c s , w h i c h w a s m a n u f a c t u r e d b y V a r i a n 
A s s o c i a t e s , c o n s i s t s of an e l e c t r o n g u n , t h r e e s p h e r i c a l t u n g s t e n m e s h 
g r i d s and a s p h e r i c a l f l u o r e s c e n t s c r e e n . C h a r a c t e r i s t i c s to b e n o t e d 
a r e a s f o l l o w s . T h e e l e c t r o n g u n i s m a d e up of a n i n d i r e c t l y h e a t e d , 
b a r i a t e d n i c k e l c a t h o d e , a d r a w - o u t a p e r t u r e , and a t h r e e e l e m e n t , c o n ­
c e n t r i c t u b e , u n i - p o t e n t i a l l e n s ; t h i s g u n p r o d u c e s a f o c u s e d b e a m of 
e l e c t r o n s w i t h an e n e r g y r a n g e of about 5 to 5 0 0 e v and w i t h a s p o t s i z e 
of a p p r o x i m a t e l y 0. 5 m m . T h e s p h e r i c a l g r i d s h a v e a r a d i u s of 2 1 /2 
i n c h e s and s u b t e n d a b o u t one t h i r d of a h e m i s p h e r e ; t h e y a r e 100 m e s h 
w o v e n f r o m 1 m i l . n i c k e l p l a t e d t u n g s t e n w i r e and h a v e h i g h t r a n s p a r ­
e n c y . T h e f l u o r e s c e n t s c r e e n h a s a r a d i u s of 2 3 / 4 i n c h e s and i s c o a t e d 
w i t h G. E . P - 4 p h o s p h o r . T h e f l u o r e s c e n t s c r e e n and the t h r e e g r i d s 
e a c h h a v e a h o l e p u n c h e d i n the c e n t e r t o a l l o w f o r the d r i f t tube of the 
e l e c t r o n gun . 
A s p e c i a l o p t i c s p o w e r s u p p l y p a c k a g e w a s d e s i g n e d w h i c h p r o ­
v i d e s t h e f i x e d and p r o g r a m m e d v o l t a g e s n e c e s s a r y for o b s e r v i n g L E E D 
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Figure 5. Schematic Diagram of L E E D Optics and Electronics 
for Obtaining Diffraction Patterns and Electron 
Energy Distribution Curves. 
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p a t t e r n s and o b t a i n i n g the e n e r g y d i s t r i b u t i o n c u r v e s . T h e n e g a t i v e 
c a t h o d e p o t e n t i a l i s s u p p l i e d b y a K e i t h l e y M o d e l 2 4 0 - A h i g h v o l t a g e dc 
p o w e r s u p p l y w h i c h h a s a d i g i t a l l y s e l e c t e d output of 0 - 1 2 0 0 v o l t s . T h e 
c u r r e n t f o r h e a t i n g the f i l a m e n t ( a p p r o x i m a t e l y 1 a m p ) i s s u p p l i e d b y a 
K e p c o M o d e l CK 1 8 - 3 M dc s u p p l y w h i c h c a n b e o p e r a t e d i n a c o n s t a n t 
c u r r e n t m o d e o r p r o g r a m m e d to m a i n t a i n c o n s t a n t e m i s s i o n c u r r e n t . 
A d d i t i o n a l c i r c u i t r y w a s p r o v i d e d t o g i v e t h e p r o p e r v o l t a g e s for d r a w -
out and f o c u s i n g the e l e c t r o n gun and f o r r e a d i n g c a t h o d e e m i s s i o n , a s 
i n d i c a t e d i n F i g . 5. F o r o b s e r v i n g L E E D p a t t e r n s the f l u o r e s c e n t 
s c r e e n v o l t a g e i s s u p p l i e d b y a F l u k e M o d e l 4 0 8 h i g h v o l t a g e dc s u p p l y . 
T h e s u p p r e s s o r g r i d v o l t a g e i s s u p p l i e d b y the g r i d v o l t a g e p r o g r a m ­
m i n g s u p p l y w h i c h c a n be c o n t r o l l e d m a n u a l l y , g i v i n g a c o n s t a n t s u p ­
p r e s s o r v o l t a g e for o b s e r v i n g L E E D p a t t e r n s , or w h i c h c a n be p r o ­
g r a m m e d t o g i v e a l i n e a r v o l t a g e s w e e p for o b t a i n i n g the e n e r g y d i s ­
t r i b u t i o n c u r v e s . T h i s s u p p l y c o n s i s t s of a K e p c o M o d e l A B C 1 0 0 0 M 
h i g h v o l t a g e s u p p l y w h i c h i s f l o a t e d a t c a t h o d e p o t e n t i a l and w h i c h c a n 
be p r o g r a m m e d by an e x t e r n a l s i g n a l . T h e V a r i a n M o d e l F - 8 0 X - Y 
r e c o r d e r w a s m o d i f i e d to p r o v i d e e x t e r n a l l y a s i g n a l tha t i s p r o p o r ­
t i o n a l to t h e d i s p l a c e m e n t of the r e c o r d e r c a r r i a g e i n the X - d i r e c t i o n , 
and t h i s s i g n a l i s u s e d to p r o g r a m the K e p c o s u p p l y . T h e m o d i f i c a t i o n 
c o n s i s t s of the a d d i t i o n of a p o t e n t i o m e t e r w h i c h i s d r i v e n b y the c a r ­
r i a g e of the r e c o r d e r and c i r c u i t r y c o u p l i n g t h i s p o t e n t i o m e t e r w i t h 
the K e p c o s u p p l y . T h u s , if t h e r e c o r d e r i s s e t t o s w e e p l i n e a r l y w i t h 
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r e s p e c t to t i m e , t h e s u p p r e s s o r g r i d p o t e n t i a l w i l l c o r r e s p o n d i n g l y b e 
s w e p t l i n e a r l y f r o m c a t h o d e p o t e n t i a l t o w a r d z e r o . T h i s s c h e m e f o r 
c o u p l i n g the r e c o r d e r and p o w e r s u p p l y w a s n e c e s s i t a t e d by the f a c t 
t h a t the s u p p r e s s o r g r i d s u p p l y m u s t f l o a t a t c a t h o d e p o t e n t i a l s of 
g r e a t e r t h a n 500 v o l t s , w h i c h e x c e e d s the f l o a t i n g c a p a b i l i t y of m o s t 
r e c o r d e r s . 
F o r o b t a i n i n g L E E D p a t t e r n s , the o p e r a t i o n of the e l e c t r o n 
o p t i c s i s a s f o l l o w s . E l e c t r o n s a r e a c c e l e r a t e d i n the e l e c t r o n g u n to 
f o r m a f o c u s e d b e a m i n c i d e n t on the g r o u n d e d s a m p l e w i t h the d e s i r e d 
e n e r g y . T h e s e e l e c t r o n s a r e e l a s t i c a l l y and i n e l a s t i c a l l y s c a t t e r e d , 
and the p o r t i o n of the s e c o n d a r y e l e c t r o n s e m i t t e d into the s o l i d a n g l e 
s u b t e n d e d by the f i r s t g r i d a r e c o l l e c t e d in the o p t i c s a s s e m b l y . T h e 
f i r s t g r i d and d r i f t t u b e a r e m a i n t a i n e d a t g r o u n d p o t e n t i a l s o tha t e l e c ­
t r o n s i n c i d e n t on the s a m p l e and r e f l e c t e d into the g r i d a s s e m b l y m o v e 
i n a r e g i o n f r e e of e l e c t r o s t a t i c f i e l d s , the p o t e n t i a l on the s e c o n d o r 
s u p p r e s s o r g r i d i s s e t at a n e g a t i v e v a l u e n e a r c a t h o d e p o t e n t i a l s o 
t h a t e l e c t r o n s w h i c h h a v e l o s t e n e r g y a r e e l i m i n a t e d f r o m the p a t t e r n . 
E l e c t r o n s w h i c h h a v e s u f f i c i e n t e n e r g y to o v e r c o m e t h i s b a r r i e r a r e 
p a s s e d t h r o u g h the t h i r d g r i d and a c c e l e r a t e d by the l a r g e p o s i t i v e p o ­
t e n t i a l o n the f l u o r e s c e n t s c r e e n to e x c i t e the p h o s p h o r and g i v e a 
v i s i b l e d i f f r a c t i o n p a t t e r n . T h i s p a t t e r n c a n b e o b s e r v e d v i s u a l l y or 
p h o t o g r a p h e d t h r o u g h the f r o n t v a c u u m w i n d o w . 
T h e c u t - o f f c h a r a c t e r i s t i c of the s u p p r e s s o r g r i d i s not i d e a l l y 
85 
s h a r p . A r e a l i z a t i o n of the i d e a l c h a r a c t e r i s t i c w o u l d m e a n that s e t t i n g 
t h e s u p p r e s s o r g r i d p o t e n t i a l e q u a l to the c a t h o d e p o t e n t i a l s h o u l d e l i m i ­
n a t e e v e n the e l a s t i c a l l y s c a t t e r e d e l e c t r o n s f r o m t h e p a t t e r n . H o w e v e r , 
in p r a c t i c e o n e f i n d s f o r the u s u a l t w o - g r i d o p t i c s tha t t h i s c o m p l e t e r e ­
p e l l i n g of t h e r e f l e c t e d c u r r e n t r e q u i r e s that t h e s u p p r e s s o r g r i d b e s e t 
s e v e r a l v o l t s b e l o w c a t h o d e p o t e n t i a l b e c a u s e of the n a t u r e of the e q u i -
p o t e n t i a l s u r f a c e s a s s o c i a t e d w i t h t h e g r i d and b e c a u s e of f i e l d p e n e t r a ­
t i o n a r i s i n g f r o m the l a r g e p o s i t i v e v o l t a g e on the f l u o r e s c e n t s c r e e n . 
In o r d e r to r e d u c e t h e e f f e c t of f i e l d p e n e t r a t i o n , the o p t i c s u s e d i n t h i s 
s t u d y w a s m o d i f i e d to i n c l u d e a t h i r d s h i e l d g r i d b e t w e e n t h e s u p p r e s s o r 
g r i d and the f l u o r e s c e n t s c r e e n . T h i s s h i e l d g r i d i s n o r m a l l y o p e r a t e d 
at g r o u n d p o t e n t i a l , a n d , u s i n g t h i s g r i d , i t w a s found t h a t t h e c u t - o f f 
c h a r a c t e r i s t i c i s i m p r o v e d and tha t t h e t h r e e - g r i d L E E D o p t i c s c o u l d 
a l s o be u s e d t o o b t a i n e n e r g y d i s t r i b u t i o n c u r v e s for the s e c o n d a r y 
e l e c t r o n s . 
T o u n d e r s t a n d the p r o c e d u r e u s e d t o g e n e r a t e t h e e n e r g y d i s t r i ­
b u t i o n c u r v e s , o n e m u s t f i r s t n o t e tha t t h e c u r v e o b t a i n e d b y p l o t t i n g the 
c u r r e n t c o l l e c t e d b y t h e f l u o r e s c e n t s c r e e n a s a f u n c t i o n of s u p p r e s s o r 
v o l t a g e i s a r e t a r d i n g f i e l d c u r v e ; tha t i s , t h i s c u r v e r e p r e s e n t s e l e c ­
t r o n s w i t h e n e r g y g r e a t e r t h a n s o m e v a l u e E p l o t t e d a g a i n s t E . T h i s 
t y p e of c u r v e d o e s not d i s p l a y c o n v e n i e n t l y m u c h of the f ine s t r u c t u r e 
due to e n e r g y l o s s p h e n o m e n a , and o n e w o u l d l i k e to h a v e the d e r i v a ­
t i v e of the r e t a r d i n g f i e l d c u r v e , w h i c h w o u l d b e a p l o t of c u r r e n t p e r 
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uni t e n e r g y v e r s u s e l e c t r o n e n e r g y . T h e r e q u i r e d d e r i v a t i v e m a y b e 
o b t a i n e d by g r a p h i c a l m e a n s o r u s i n g a n a l o g c o m p u t e r m e t h o d s , but , 
a s s h o w n i n the e a r l y s t a g e s of t h i s s t u d y , t h e s e m e t h o d s d o not y i e l d 
r e s u l t s of s u f f i c i e n t a c c u r a c y and r e p r o d u c i b i l i t y to b e u s e f u l in e x a m ­
i n i n g the e l e c t r o n i n t e r a c t i o n m e c h a n i s m s . H o w e v e r , the p r o b l e m of 
d i f f e r e n t i a t i n g the r e t a r d i n g f i e l d c u r v e w a s f i n a l l y s o l v e d b y a d a p t i n g 
to the c o n f i g u r a t i o n of the L E E D o p t i c s an a c d i f f e r e n t i a t i o n s c h e m e 
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p r e v i o u s l y d e s c r i b e d by L e d e r and S i m p s o n and S p i c e r and B e r g -
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lund . A c c o r d i n g to t h i s s c h e m e , a s m a l l s i n u s o i d a l s i g n a l i s a d d e d 
t o the s u p p r e s s o r g r i d p o t e n t i a l w i t h the r e s u l t that the c o l l e c t e d s e c ­
o n d a r y e l e c t r o n c u r r e n t i s s l i g h t l y m o d u l a t e d . One t h e n f i n d s that the 
a c c o m p o n e n t of t h e c o l l e c t e d c u r r e n t w i t h the s a m e f r e q u e n c y a s t h e 
m o d u l a t i n g s i g n a l i s p r o p o r t i o n a l to t h e f i r s t d e r i v a t i v e of the r e t a r d i n g 
f i e l d c u r v e . F u r t h e r , the h i g h e r o r d e r d e r i v a t i v e s of t h i s c u r v e m a y 
b e o b t a i n e d s i m p l y by d e t e c t i n g t h e h i g h e r o r d e r h a r m o n i c s p r e s e n t i n 
the c u r r e n t c o l l e c t e d by the f l u o r e s c e n t s c r e e n . 
d e r i v a t i v e s i s e q u i v a l e n t to t a k i n g a T a y l o r ' s s e r i e s e x p a n s i o n of the 
c u r v e about a r e f e r e n c e p o i n t w h i c h i s t r e a t e d a s a v a r i a b l e p a r a m e t e r . 
T h i s e x p a n s i o n m a y be i n d i c a t e d s c h e m a t i c a l l y a s 
T h e d e c o m p o s i t i o n of the r e t a r d i n g f i e l d c u r v e in to i t s v a r i o u s 
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T o o b t a i n the d e r i v a t i v e s at s o m e f i x e d e n e r g y v a l u e , o n e c h o o s e s E to 
o 
b e t h a t p a r t i c u l a r v a l u e and n o t e s tha t t h e d i f f e r e n c e (E - E ) i s t h e s i n u -
o 
s o i d a l m o d u l a t i n g s i g n a l p r e s e n t on t h e s u p p r e s s o r g r i d . A s s u m i n g that 
the m o d u l a t i n g s i g n a l i s s m a l l , the f i r s t d e r i v a t i v e m a y be d e t e r m i n e d 
w i t h i n a m u l t i p l i c a t i v e f a c t o r by e x p e r i m e n t a l l y m e a s u r i n g t h e a c c o m ­
p o n e n t of F ( E ) at the r e f e r e n c e f r e q u e n c y . S i m i l a r l y , the s e c o n d d e r i v a ­
t i v e w o u l d be p r o p o r t i o n a l to the s i g n a l s t r e n g t h of the s e c o n d h a r m o n i c 
b e c a u s e of t h e (E - E ) 3 t e r m . T o g e n e r a t e the c o m p l e t e c u r v e s c o r r e s ­
p o n d i n g to t h e s e d e r i v a t i v e s , one t h i n k s of s c a n n i n g E ^ s l o w l y o v e r a l l 
e n e r g y v a l u e s of i n t e r e s t , w h i c h i s e f f e c t e d e x p e r i m e n t a l l y by s c a n n i n g 
the s u p p r e s s o r v o l t a g e f r o m c a t h o d e p o t e n t i a l t o w a r d z e r o . 
R e t u r n i n g to the s c h e m a t i c d i a g r a m of F i g . 5, the a c t u a l o p e r a ­
t i o n of the L E E D o p t i c s a s a r e g a r d i n g f i e l d a n a l y z e r m a y be e x p l a i n e d . 
T h e e l e c t r o n g u n i s s e t t o g i v e a f o c u s e d b e a m of e l e c t r o n s i n c i d e n t on 
the s a m p l e w i t h the d e s i r e d e n e r g y . T h e d r i f t t u b e , f i r s t and t h i r d 
g r i d s and s a m p l e a r e kept at g r o u n d p o t e n t i a l a s for o b s e r v i n g L E E D 
p a t t e r n s . A m o d u l a t i n g s i g n a l i s d e r i v e d f r o m t h e r e f e r e n c e output of 
a P r i n c e t o n A p p l i e d R e s e a r c h M o d e l J B - 4 l o c k - i n a m p l i f i e r . T h i s 
s i g n a l i s a d d e d t o t h e s u p p r e s s o r g r i d p o t e n t i a l t h r o u g h an a u d i o output 
t r a n s f o r m e r i n c l u d e d for v o l t a g e i s o l a t i o n . A t y p i c a l a c s i g n a l at the 
g r i d i s o n e v o l t p e a k - t o - p e a k at 80 c p s . T h e f l u o r e s c e n t s c r e e n i s u s e d 
to c o l l e c t the m o d u l a t e d s e c o n d a r y e l e c t r o n s , and, in t h i s c a s e , the 
F l u k e h i g h v o l t a g e s u p p l y i s r e p l a c e d by a 2 2 5 v o l t b a t t e r y . T o o b t a i n 
88 
t h e f i r s t d e r i v a t i v e of the r e t a r d i n g f i e l d c u r v e , the c o m p o n e n t of t h e 
c o l l e c t e d c u r r e n t at t h e r e f e r e n c e f r e q u e n c y i s a m p l i f i e d b y the P r i n c e ­
t o n A p p l i e d R e s e a r c h M o d e l C R - 4 A p r e a m p l i f i e r and d e t e c t e d u s i n g the 
P A R l o c k - i n a m p l i f i e r . T h e output of the l o c k - i n a m p l i f i e r i s f ed in to 
the Y - a x i s input of the X - Y r e c o r d e r , and the e n e r g y d i s t r i b u t i o n c u r v e s 
a r e p l o t t e d a s the r e c o r d e r s w e e p s ( s i m u l t a n e o u s l y c a u s i n g t h e s u p p r e s ­
s o r g r i d v o l t a g e t o b e s w e p t l i n e a r l y f r o m c a t h o d e p o t e n t i a l t o w a r d z e r o ) . 
F o l l o w i n g the a b o v e p r o c e d u r e o n e o b t a i n s s e c o n d a r y e l e c t r o n 
e n e r g y d i s t r i b u t i o n c u r v e s that g e n e r a l l y h a v e the f o r m i l l u s t r a t e d i n 
F i g u r e 2 . T h e d e t a i l e d f e a t u r e s of t h e s e c u r v e s a r e d e t e r m i n e d by the 
v a r i o u s e l a s t i c and i n e l a s t i c s c a t t e r i n g p r o c e s s e s and b y s e v e r a l i n s t r u ­
m e n t a l e f f e c t s , i n c l u d i n g c o n t a c t p o t e n t i a l d i f f e r e n c e s and the e n e r g y 
r e s o l u t i o n of t h e g u n and g r i d s y s t e m . 
R e f e r r i n g a g a i n to F i g . 2 , o n e e f f e c t of the f i n i t e e n e r g y r e s o ­
l u t i o n of the e l e c t r o n o p t i c s i s s e e n a s t h e a p p a r e n t e n e r g y h a l f - w i d t h 
of the e l a s t i c a l l y r e f l e c t e d p r i m a r y p e a k ( r e g i o n I ) . T h e h a l f - w i d t h i n ­
c r e a s e s l i n e a r l y w i t h e l e c t r o n e n e r g y a s s h o w n i n F i g . 6. T h i s b e h a v -
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i o r i s d i s c u s s e d by S i m p s o n and i s s h o w n to be c h a r a c t e r i s t i c of 
e l e c t r o s t a t i c a n a l y z e r s i n g e n e r a l . F r o m F i g . 6, o n e d e t e r m i n e s t h a t 
t h e r e l a t i v e r e s o l u t i o n / \ E / E i s a p p r o x i m a t e l y 0 . 0 2 , and the z e r o e n e r ­
g y e x t r a p o l a t i o n g i v e s a A E of 0 . 3 e v w h i c h m a y b e c o m p a r e d w i t h t h e 
q u o t e d e n e r g y s p r e a d f o r the V a r i a n e l e c t r o n g u n of 0. 2 e v . 
F o r t h e c o n f i g u r a t i o n of the L E E D o p t i c s , the l i m i t e d r e s o l u t i o n 
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Figure 6. Energy Resolution of Electron Optics as a Function 
of Electron Energy. 
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a r i s e s f r o m the f a c t that e q u i p o t e n t i a l s u r f a c e s g e n e r a t e d b y the r e p e l l e r 
g r i d a r e not p e r f e c t l y s p h e r i c a l , but c o n f o r m s o m e w h a t to the p a t t e r n of 
t h e g r i d w i r e s . T h i s m e a n s that e v e n r a d i a l l y i n c i d e n t e l e c t r o n s h a v e 
c o m p o n e n t s of m o m e n t u m b o t h n o r m a l and p a r a l l e l to t h e s e e q u i p o t e n t i a l 
s u r f a c e s . The p o t e n t i a l b a r r i e r i s e f f e c t i v e o n l y in r e d u c i n g the n o r m a l 
c o m p o n e n t of m o m e n t u m , but t h i s i s s u f f i c i e n t to p r e v e n t t h e e l e c t r o n s 
f r o m p e n e t r a t i n g the g r i d and b e i n g c o l l e c t e d . M o r e o v e r , e l e c t r o n s 
w h i c h a p p e a r to b e n o n - n o r m a l l y i n c i d e n t a r e s t o p p e d b y l o w e r v a l u e s of 
t h e s u p p r e s s o r v o l t a g e t h a n a r e e l e c t r o n s w h i c h a p p e a r to be n o r m a l l y 
i n c i d e n t . T h u s , the e f f e c t s of t h i s s p a c i a l v a r i a t i o n of the e q u i p o t e n t i a l 
s u r f a c e on a r a d i a l l y i n c i d e n t , m o n o c h r o m a t i c b e a m of e l e c t r o n s w o u l d 
be t o g i v e a n a p p a r e n t b r o a d e n i n g to t h e d i s t r i b u t i o n and to e f f e c t i v e l y 
s h i f t t h e m a x i m u m i n the d i s t r i b u t i o n t o w a r d l o w e r e n e r g y v a l u e s . T h i s 
s h i f t of the m a x i m u m in t h e d i s t r i b u t i o n a l s o i n c r e a s e s w i t h e l e c t r o n 
e n e r g y , and it m a y be s e e n in t h e c u r v e of F i g . 2 w h i c h s h o w s a m a x i ­
m u m f o r the r e f l e c t e d p r i m a r y p e a k of 98 e v , w h e n , in f a c t , the c o r r e c t 
e l e c t r o n e n e r g y s h o u l d b e a p p r o x i m a t e l y 100 e v . F i n a l l y , it m u s t b e 
n o t e d that f i e l d p e n e t r a t i o n a r i s i n g f r o m the f l u o r e s c e n t s c r e e n p o t e n t i a l 
a c t s s u c h a s to s h i f t the a p p a r e n t e n e r g i e s t o w a r d l a r g e r v a l u e s , but , 
w i t h t h e a d d i t i o n of the t h i r d s h i e l d g r i d , t h i s e f f e c t i s e s s e n t i a l l y e l i m i ­
n a t e d . 
T h e c o m p l e t e e n e r g y d i s t r i b u t i o n c u r v e s r e v e a l a d i f f e r e n c e i n 
c o n t a c t p o t e n t i a l b e t w e e n the c a t h o d e and the s a m p l e and a s e c o n d c o n -
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tact potential difference between the sample and the first grid of the 
L E E D optics. The first difference results in a decrease of the actual 
energy of the electron beam incident on the sample as compared with 
the energy value computed from a measure of the accelerating voltage; 
however, this effect is not easily separated from the shift in energy 
values resulting from the limited energy resolution of the optics. The 
second difference has the effect of shifting the zero of energy for elec­
trons emitted from the sample relative to the actual zero of energy 
measured by the analyzer; this difference in contact potential is dis­
played as the width of the sharp peak on the low-energy side of the true 
secondary peak of Fig. 2 . The peak itself represents tertiary electrons 
emitted from the first grid as a result of collisions by low-energy sec­
ondaries. The tertiary peak is observed in these data because the work 
function of the sample was greater than the work function of the grid; if 
this situation were reversed, the tertiary electron peak would have been 
hidden under the true secondary peak. The analyzer zero has been indi­
cated as zero on the curve of Fig. 2; the zero of energy for the electrons 
emitted from the sample occurs approximately at the dip between the 
tertiary electron peak and the true secondary peak. 
V a c u u m System and Accessories 
In order to obtain and maintain known surface states for the tung­
sten sample, all measurements were made in ultrahigh vacuum using the 
system pictured in Fig. 7. This stainless steel system, which was cus-
Figure 7. Photographs of Apparatus (a) Showing Experimental 
Chamber and (b) Showing Electronics Console. 
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torn fabricated by Varian Associates, was designed to provide a clean, 
low-pressure environment with provisions for sample cleaning and ad­
mitting known quantities of high-purity gases for adsorption studies. 
Accessories added to the system include an automatic servo-operated 
gas delivery system and a quadrupole type residual gas analyzer. 
The pumping system, illustrated schematically in Fig. 8, con­
sists of three Varian vac-ion pumps giving a total pumping speed of 
138 -t/s. A n 80 t/s pump is used to evacuate the experimental cham­
ber. A second pump with a speed of 50 -t/s is used to evacuate the gas 
delivery system, or it m a y be used in parallel with the 80 £/s pump to 
provide additional pumping speed for the experimental chamber. The 
third pump with a speed of 8 £ /s is us ed to keep the line clean connect­
ing the main system with the sorption type roughing pumps. All three 
pumps can be valved off from the chamber for admitting gases at higher 
pressures. Components used in the system are designed to withstand a 
250° C bakeout, and pressures of 2 x 10 ^ torr m a y be achieved in rou­
tine operation. Total pressure measurements are made using a Varian 
nude ionization gauge and controller. 
Provisions for sample cleaning include a positive ion bombard­
ment gun with controller and a high current power supply for direct re­
sistance heating of experimental samples. For tungsten only the direct 
resistance heating was needed; cleaning procedures to be described in­
volved reactions of impurities with selected gases at elevated tempera-
AIR INLET VALVE 
GLAS  GAS BOTLES 
MAIN VAC ION PUMP OVEN GAS DELIVERY SYSTEM OVEN Figure 8. Schematic Diagram of L E E D V a c u u m System. 
4^  
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tures and flash filament desorption of adsorbed species. 
To facilitate the admission of ultra-pure gases, the vacuum 
system was equipped with a servo-controlled gas delivery system built 
around four Granville-Phillips automatic pressure controlled valves. 
These valves could be controlled automatically using the Varian ioniza­
tion gauge to maintain constant total pressure for a single gas, or they 
could be controlled manually in conjunction with the residual gas analy­
zer to maintain a distribution of several gases in the residual back­
ground. 
The quadrupole residual gas analyzer was manufactured by 
Electronic Associates, Inc. This instrument, which is a Series 200 
with an axial beam ionizer, was found to be extremely useful for moni­
toring the system residual background, for checking the purity of gases 
admitted to the system, and for examining the distribution of gases de-
sorbed from the tungsten sample at elevated temperatures. 
For operation of the electron optics both as a L E E D device and 
as an energy analyzer, it was necessary to reduce the stray magnetic 
fields in the region of the experimental chamber. Sources of these 
fields are pump magnets and the earth's field, and the magnitude varied 
fairly smoothly from 1. 5 gauss at the bottom of the chamber to 0. 5 
gauss at the top. This field compensation m a y be crudely achieved using 
small trim magnets, but more satisfactory operation was achieved with 
cube coils which could be used to null out the stray fields uniformly. 
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S a m p l e S u r f a c e C o n d i t i o n s 
S a m p l e P r e p a r a t i o n 
T h e t u n g s t e n s a m p l e u s e d i n t h i s s t u d y w a s c u t f r o m a z o n e 
r e f i n e d s i n g l e - c r y s t a l r o d o b t a i n e d f r o m M e t a l s R e s e a r c h L t d . A 1 / 2 
i n c h l o n g s e c t i o n o f t h e 1 / 4 i n c h d i a m e t e r r o d w a s o r i e n t e d r o u g h l y b y 
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x - r a y d i f f r a c t i o n u s i n g a s p e c i a l c r y s t a l h o l d e r d e s c r i b e d b y B o n d . 
F r o m t h i s r o d , s i n g l e - c r y s t a l s l a b s w i t h t h i c k n e s s e s o f a b o u t 2 m m 
w e r e c u t u s i n g a d i a m o n d s a w ; t h e s e s l a b s w e r e o r i e n t e d w i t h s u r f a c e s 
a p p r o x i m a t e l y p a r a l l e l t o t h e ( 1 1 0 ) c r y s t a l l o g r a p h i c p l a n e s . 
I n a d d i t i o n t o a d j u s t m e n t s f o r o r i e n t a t i o n c h a n g e s , t h e B o n d 
c r y s t a l h o l d e r p r o v i d e s a r e f e r e n c e s u r f a c e s o t h a t f l a t s u r f a c e s m a y 
b e c o n v e n i e n t l y g r o u n d o n e x p e r i m e n t a l s a m p l e s . T h u s , f o r o r i e n t a ­
t i o n c o r r e c t i o n s , t h e t u n g s t e n s l a b s w e r e i n d i v i d u a l l y m o u n t e d i n t h e 
B o n d h o l d e r a n d o r i e n t e d b y x - r a y d i f f r a c t i o n ; t h e s u r f a c e s w e r e t h e n 
g r o u n d o n f i n e e m e r y c l o t h u n t i l b o t h o f t h e p l a n a r s u r f a c e s o n e a c h 
s l a b w e r e p a r a l l e l t o t h e ( 1 1 0 ) c r y s t a l l o g r a p h i c p l a n e s w i t h i n a n e r r o r 
o f l e s s t h a n o n e - h a l f a d e g r e e . T h e t h i c k n e s s e s o f t h e f i n i s h e d s a m ­
p l e s w e r e a p p r o x i m a t e l y 0. 5 m m . 
T h e m e c h a n i c a l p o l i s h i n g o p e r a t i o n l e a v e s d a m a g e d l a y e r s 
n e a r t h e s u r f a c e s o f t h e c r y s t a l s , so t h a t i t w a s n e c e s s a r y t o c h e m i ­
c a l l y p o l i s h t h e c r y s t a l s l a b s t o r e m o v e d a m a g e d m a t e r i a l . T h e e t c h ­
i n g s o l u t i o n u s e d w a s m a d e b y d i s s o l v i n g 10 g m p o t a s s i u m f e r r i c y a n i d e 
a n d 10 g m p o t a s s i u m h y d r o x i d e i n 100 m l w a r m w a t e r . T h i s s o l u t i o n 
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w a s r e c o m m e n d e d f o r d e v e l o p i n g g r a i n b o u n d a r i e s o n p o l y c r y s t a l l i n e 
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t u n g s t e n s a m p l e s , but , in the a b s e n c e of g r a i n b o u n d a r i e s in t h e 
s i n g l e - c r y s t a l s l a b s , the s o l u t i o n p r o d u c e d b r i g h t , s m o o t h s u r f a c e s . 
T h r e e of the p o l i s h e d s i n g l e - c r y s t a l s a m p l e s w e r e h e l i a r c 
w e l d e d to 4 0 m i l d i a m e t e r t u n g s t e n w i r e s f o r m o u n t i n g i n the V a r i a n 
L E E D c r y s t a l m a n i p u l a t o r . T h e s e s a m p l e s w e r e a g a i n c h e m i c a l l y 
p o l i s h e d a s b e f o r e . O n e of t h e s e s a m p l e s w a s u s e d i n p r e l i m i n a r y 
m e a s u r e m e n t s , o n e w a s i n a d v e r t e n t l y d a m a g e d , and the t h i r d w a s 
u s e d for the m e a s u r e m e n t s r e p o r t e d i n t h i s d i s s e r t a t i o n . 
S u r f a c e C h a r a c t e r i z a t i o n 
O n c e t h e t u n g s t e n s a m p l e w a s i n s t a l l e d in the u l t r a h i g h v a c u u m 
s y s t e m , v o l a t i l e i m p u r i t i e s and a d s o r b e d g a s e s c o u l d b e r e m o v e d f r o m 
the s u r f a c e s by f l a s h h e a t i n g to t e m p e r a t u r e s a b o v e 2 0 0 0 ° C . T h i s p r o -
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c e d u r e h a s p r e v i o u s l y b e e n u s e d u n d e r t h e a s s u m p t i o n tha t the s u r ­
f a c e s a r e l e f t a t o m i c a l l y c l e a n . H o w e v e r , s a m p l e s c u t f r o m z o n e r e ­
f i n e d i n g o t s of t u n g s t e n c o n t a i n c a r b o n a s a n a t u r a l bu lk i m p u r i t y w h i c h 
d i f f u s e s t o w a r d t h e s u r f a c e a s a s a m p l e i s h e a t e d . 
T h e p r e s e n c e of c a r b o n on the t u n g s t e n (110) s u r f a c e i s c h a r a c ­
t e r i z e d by the d i f f r a c t i o n p a t t e r n s h o w n i n F i g . 9 (a) . T h i s p a t t e r n w a s 
o b t a i n e d a f t e r t h e s a m p l e had b e e n h e a t e d e x t e n s i v e l y ( a b o v e 2 0 0 0 ° C) . 
T h e s i x b r i g h t r e f l e c t i o n s f o r m i n g p a r t s of the s i d e s of a d i a m o n d 
s h a p e d f i g u r e a r e c h a r a c t e r i s t i c of t h e c l e a n s u r f a c e f o r 2 2 0 e v i n c i d e n t 
e l e c t r o n s ; t h i s p o r t i o n of the p a t t e r n m a y b e c o m p a r e d w i t h the c l e a n 
(c ) 
L E E D P a t t e r n s o f T u n g s t e n ( 1 1 0 ) S u r f a c e f o r 2 2 0 V o l t E l e c t r o n s a t 
S u c c e s s i v e S t a g e s o f C l e a n i n g , (a ) S h o w s C a r b o n C o n t a m i n a t i o n , 
( b ) S h o w s A d s o r b e d O x y g e n , ( c ) S h o w s C l e a n T u n g s t e n 
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s u r f a c e p a t t e r n s h o w n i n F i g . 9 ( c ) . R e f l e c t i o n s c o n t r i b u t i n g t o t h e c o m ­
p l e x b u t w e l l o r d e r e d b a c k g r o u n d i n t h e p a t t e r n o f F i g . 9 (a ) m a y be a t ­
t r i b u t e d t o t h e s u p e r i m p o s e d l a t t i c e o f a n i m p u r i t y , b u t , o f c o u r s e , n o n e 
o f t h e f e a t u r e s i n t h e p a t t e r n i n d i c a t e t h a t t h i s i m p u r i t y i s c a r b o n . H o w ­
e v e r , w h e n t h e c r y s t a l i s f l a s h h e a t e d a b o v e 2 0 0 0 ° C w i t h t h i s p a t t e r n 
p r e s e n t a n d t h e m a s s s p e c t r u m o f t h e d e s o r b e d s p e c i e s c o n t i n u o u s l y d i s ­
p l a y e d u s i n g t h e r e s i d u a l g a s a n a l y z e r , o n e o b s e r v e s a n i n c r e a s e i n t h e 
m a s s p e a k c o r r e s p o n d i n g t o m / e = 1 2 , t h e p e a k c h a r a c t e r i s t i c o f c a r b o n . 
F u r t h e r , i f o x y g e n i s a d m i t t e d t o t h e s y s t e m w i t h t h e c a r b o n c o n t a m i ­
n a t e d s a m p l e a t a n e l e v a t e d t e m p e r a t u r e a n d t h e s a m p l e i s s u b s e q u e n t l y 
f l a s h h e a t e d , o n e f i n d s a s t r o n g i n c r e a s e i n t h e c a r b o n m o n o x i d e p e a k , 
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m / e = 2 8 . T h e s e o b s e r v a t i o n s w e r e c o n f i r m e d b y S t e r n , w h o a l s o 
i n v e s t i g a t e d t h e r e a c t i o n s o f h y d r o g e n w i t h c a r b o n o n t h e t u n g s t e n ( 1 1 0 ) 
s u r f a c e . 
T h e r e a c t i o n o f o x y g e n w i t h t h e c a r b o n i m p u r i t y t o f o r m c a r b o n 
m o n o x i d e c a n b e u s e d t o r e m o v e t h e c a r b o n f r o m t h e t u n g s t e n ( 1 1 0 ) s u r ­
f a c e . T h i s i s a c c o m p l i s h e d b y h e a t i n g t h e c r y s t a l t o 1 0 0 0 ° C f o r a b o u t 
- 8 
20 m i n i n a r e s i d u a l b a c k g r o u n d o f 5 x 10 t o r r o f o x y g e n a n d t h e n 
f l a s h h e a t i n g t h e c r y s t a l t o a t e m p e r a t u r e o f 1 7 0 0 ° C t o d e s o r b t h e c a r ­
b o n m o n o x i d e . D u r i n g t h e f i n a l h e a t i n g , t h e s a m p l e m u s t r e a c h a h i g h 
e n o u g h t e m p e r a t u r e so t h a t t h e c a r b o n m o n o x i d e i s d e s o r b e d , b u t t h e 
f l a s h i n g m u s t b e s u f f i c i e n t l y m i l d s o t h a t c a r b o n d o e s n o t a g a i n d i f f u s e 
t o t h e s u r f a c e . T h e c l e a n s u r f a c e t h u s o b t a i n e d i s c h a r a c t e r i z e d b y t h e 
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L E E D p a t t e r n s h o w n i n F i g . 9 (c ) . 
If the c l e a n t u n g s t e n s u r f a c e i s e x p o s e d t o o x y g e n , n e w d i f f r a c ­
t i o n f e a t u r e s d e v e l o p a s c a n be s e e n b y c o m p a r i n g t h e L E E D p a t t e r n of 
F i g . 9(b) w i t h the c l e a n s u r f a c e p a t t e r n . T h e s e n e w h a l f - o r d e r r e f l e c ­
t i o n s a r e c h a r a c t e r i s t i c of t h e o x y g e n a d s o r p t i o n s t r u c t u r e and v a r y in 
i n t e n s i t y w i t h o x y g e n c o v e r a g e . A s o x y g e n i s a d s o r b e d , the i n t e n s i t y 
of t h e s e r e f l e c t i o n s i n c r e a s e s to a m a x i m u m ( a b o u t hal f t h e i n t e n s i t y of 
t h e c l e a n s u r f a c e r e f l e c t i o n s ) at a c o v e r a g e of about o n e - h a l f a m o n o ­
l a y e r . A s c o v e r a g e i s f u r t h e r i n c r e a s e d , the i n t e n s i t y of the h a l f - o r d e r 
r e f l e c t i o n s d e c r e a s e s , w i t h a d d i t i o n a l f e a t u r e s a p p e a r i n g a t a b o u t t h r e e -
f o u r t h s of a m o n o l a y e r of o x y g e n . F i n a l l y , w h e n a fu l l m o n o l a y e r c o v ­
e r a g e i s r e a c h e d t h e h a l f - o r d e r r e f l e c t i o n s h a v e c o m p l e t e l y d i s a p p e a r e d , 
and the p a t t e r n o b s e r v e d i s e s s e n t i a l l y i d e n t i c a l to that c o r r e s p o n d i n g to 
the c l e a n s u r f a c e . 
T h e t w o - d i m e n s i o n a l s t r u c t u r e s g i v i n g r i s e to the d i f f r a c t i o n 
p a t t e r n s of F i g . 9 m a y be i n f e r r e d f o l l o w i n g the p r o c e d u r e o u t l i n e d in 
C h a p t e r II . T h e s t r u c t u r e of the i m p u r i t y c a r b o n on the t u n g s t e n ( 1 1 0 ) 
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s u r f a c e w a s d e t e r m i n e d by S t e r n , and the o x y g e n a d s o r p t i o n s t r u c -
32 
t u r e s o n t h i s s u r f a c e w e r e i n v e s t i g a t e d b y G e r m e r , S t e r n and M a c R a e . 
T h e s t r u c t u r e s w h i c h one d e t e r m i n e s i n t h i s w a y a r e s o m e t i m e s not 
u n i q u e i n tha t m o r e t h a n one 2 - D s t r u c t u r e m a y g i v e r i s e t o the s a m e 
d i f f r a c t i o n p a t t e r n s , but a r g u m e n t s b a s e d o n a d s o r p t i o n k i n e t i c s c a n 
f r e q u e n t l y be u s e d t o n a r r o w the c o n s i d e r a t i o n to a s i n g l e s t r u c t u r e . 
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F u r t h e r m o r e , the L E E D p a t t e r n s c a n b e u s e d to c h a r a c t e r i z e t h e s e 
o r d e r e d , a d s o r b e d s t a t e s p r o v i d e d o n e h a s f i r s t e s t a b l i s h e d a p r o c e ­
d u r e f o r c l e a n i n g the s u r f a c e s and p r o v i d e d that the L E E D p a t t e r n s 
c a n be c o r r e l a t e d w i t h o t h e r m e a s u r e m e n t s to i d e n t i f y the a d s o r b e d 
s p e c i e s . In t h i s s t u d y r e s i d u a l g a s a n a l y s i s h a s b e e n u s e d to m o n i t o r 
t h e c o m p o s i t i o n of d e s o r b e d s p e c i e s , and s o m e f e a t u r e s i n the i n e l a s ­
t i c e n e r g y d i s t r i b u t i o n s h a v e b e e n u s e d a l o n g w i t h L E E D p a t t e r n s to 
c h a r a c t e r i z e t h e s e s u r f a c e s . 
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C H A P T E R IV 
R E S U L T S A N D D I S C U S S I O N 
T h e a p p a r a t u s and p r o c e d u r e s d e s c r i b e d in the p r e v i o u s c h a p t e r 
m a y be u s e d r o u t i n e l y t o o b t a i n L E E D p a t t e r n s and s e c o n d a r y e l e c t r o n 
e n e r g y d i s t r i b u t i o n s . T h e s e d a t a p r o v i d e a m e a n s of c h a r a c t e r i z i n g e x ­
p e r i m e n t a l s u r f a c e s s o that i n t e r p r e t a t i o n s of the e l a s t i c and i n e l a s t i c 
s c a t t e r i n g m a y be u n d e r t a k e n w i t h o u t the a d d e d c o m p l e x i t y of v a r i a t i o n s 
in e x p e r i m e n t a l d a t a a r i s i n g f r o m u n k n o w n s u r f a c e c o n d i t i o n s . It i s thus 
the p u r p o s e of t h i s c h a p t e r to e x p l a i n t h e f e a t u r e s of the e n e r g y d i s t r i ­
b u t i o n c u r v e s , s u c h a s i l l u s t r a t e d in F i g . 2 , i n t e r m s of the s c a t t e r i n g 
m e c h a n i s m s d i s c u s s e d in C h a p t e r II. In t h i s d i s c u s s i o n , the e l a s t i c dif­
f r a c t i o n of t h e s l o w e l e c t r o n s i s not c o n s i d e r e d ; r a t h e r , the e m p h a s i s i s 
on t h o s e p r o c e s s e s g i v i n g r i s e to c h a r a c t e r i s t i c l o s s p e a k s and s u b s i d i ­
a r y m a x i m a in the t r u e s e c o n d a r y d i s t r i b u t i o n . F u r t h e r , the e f f e c t s of 
s u r f a c e c o n d i t i o n s on s o m e f e a t u r e s of the e n e r g y d i s t r i b u t i o n s a r e d e ­
s c r i b e d t o d e m o n s t r a t e the p o t e n t i a l a p p l i c a t i o n of i n e l a s t i c s c a t t e r i n g 
a s a t o o l f o r s u r f a c e s t u d i e s c o m p l e m e n t a r y to L E E D . 
C h a r a c t e r i s t i c E n e r g y L o s s e s 
A s e c t i o n of an e n e r g y d i s t r i b u t i o n c u r v e for 150 v o l t e l e c t r o n s 
s c a t t e r e d f r o m the c l e a n t u n g s t e n (110) s u r f a c e i s s h o w n in F i g . 10 . 
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Figure 10. 
Energy Distribution for Clean Tungsten (110) Surface with Amplified Characteristic Loss Region. 150 Volt Primary Electrons. 
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The characteristic loss region of this curve is amplified to emphasize 
the losses, and energy loss values are indicated for the various peaks 
Both plasma resonances and single-electron excitations give rise to 
the observed losses, but, before proceeding with the identification of 
the loss peaks, it is convenient to look at the energy losses to be ex­
pected for tungsten on the basis of the theoretical results of Chap­
ter II. 
The free-electron energies for the collective excitations m a y 
be determined from Eqs. (77) and (90) for the bulk and surface plas-
mons respectively. These relations m a y be applied to materials for 
which the plasmon frequencies are not modified by band-band transi­
tions (i. e. , metals with nearly free valence electrons and tightly 
bound core electrons) and would not be expected to apply in the case 
of tungsten. However, the values of energy losses predicted by the 
free-electron expressions agree reasonably well with experimental 
58 
values which, as Pines has suggested, m a y be the result of cancel­
lation between the effects of low-frequency and high-frequency single-
electron excitations. Furthermore, the oscillator strengths of these 
single-electron transitions are not known for tungsten, so the free-
electron equations are used as a qualitative guide in identifying the 
collective losses. F r o m Eq. (77) one predicts a loss hw correspond­
ing to the excitation of a bulk plasmon using the expression for oi^ 
given in Eq. (A-37), 
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A 2 ! / 2 / 4TTe2n \
% = ( ~ m ~ j • (94) 
where n is the electron density and m is taken to be the free-electron 
mass. For tungsten's body centered cubic lattice with a lattice constant 
of 3. 16A and two atoms per unit cell, one obtains an electron density of 
23 
3 . 8 x 1 0 electrons/cm 3 assuming that for each atom the four 5d- and 
two 6s-electrons participate as free-electrons in the collective oscilla­
tion. This gives a plasmon frequency of 3.48 x 1 0 ^ sec and, neg­
lecting the small dispersion, the energy loss for the primary electron 
is 22. 9 ev. For a planar surface bounded by vacuum, the surface reso­
nance frequency would be related to uu^  by Eq. (90) in the free-electron 
model, and the corresponding loss by the incident electron is 16.2 ev. 
Characteristic energy loss values associated with the excitation 
of single-electron transitions m a y be determined from Eq. (33). This 
expression can be rewritten in terms of the lattice constant A as 





 ( 9 5 ) 
where n 2 = n 2 + n 2 + n 2 and n 1, n 2 , n 3 are integers. These integers 
are analogous to the Miller indices used in x-ray diffraction, and it 
might be assumed, as already mentioned, that for certain values of 
these indices the excitations would be forbidden due to cancellation of 
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o u t - o f - p h a s e c o n t r i b u t i o n s t o the s t r u c t u r e f a c t o r f r o m s c a t t e r i n g c e n ­
t e r s w i t h i n the i n d i v i d u a l un i t c e l l s . H o w e v e r , t h i s a s s u m p t i o n a p p l i e s 
m a i n l y to p e r f e c t c r y s t a l s and w o u l d not be e x p e c t e d to h o l d f o r s c a t t e r ­
ing f r o m s u r f a c e s . T h u s , o n e o b t a i n s f o r t u n g s t e n w i t h A = 3 . 16 A , 
A E ^ = 15 n 3 e v and , t a k i n g [ n x n 2 n 3 ] = [ 100 ] , [ 110 ] , [ 111 ] , 
[ 2 0 0 ] , o n e p r e d i c t s e n e r g y l o s s e s of 15 , 3 0 , 4 5 , 60 e v r e s p e c t i v e l y . 
C o m p a r i n g t h e s e p r e d i c t i o n s w i t h t h e e x p e r i m e n t a l l o s s e s n o t e d 
i n F i g . 10 , o n e f i n d s tha t the l o s s v a l u e of 2 2 . 9 e v f o r the bu lk p l a s m o n 
e x c i t a t i o n a g r e e s w e l l w i t h t h e l o s s v a l u e of 2 3 . 5 e v m e a s u r e d f o r the 
s e c o n d l o s s p e a k in the f i g u r e . T h e f i r s t l o s s p e a k o n t h i s c u r v e h a s a 
l o s s v a l u e of 1 2 . 5 e v w h i c h m a y c o r r e s p o n d to the t h e o r e t i c a l v a l u e f o r 
t h e s u r f a c e p l a s m o n of 16 . 2 e v . A l t h o u g h t h e a g r e e m e n t h e r e i s no t a s 
g o o d a s f o r t h e bu lk p l a s m o n , t h i s p e a k c o r r e s p o n d s to a s u r f a c e e f f e c t 
a s w i l l b e s h o w n . S e v e r a l of t h e p r e d i c t e d l o s s p e a k s due to i n t e r b a n d 
t y p e t r a n s i t i o n s a l s o a g r e e r e a s o n a b l y w e l l w i t h the v a l u e s of the l a s t 
p e a k s s h o w n in F i g . 1 0 . T h e t h e o r e t i c a l l o s s v a l u e s and a n u m b e r of 
m e a s u r e d v a l u e s a r e s u m m a r i z e d i n T a b l e 1 f o r b o t h the p l a s m a r e s o ­
n a n c e s and s i n g l e - e l e c t r o n t r a n s i t i o n s in t u n g s t e n . In t h i s t a b l e the 
p e a k s a r e g r o u p e d in c o l u m n s a c c o r d i n g to the e n e r g y l o s s v a l u e s and 
not n e c e s s a r i l y a c c o r d i n g to the e n e r g y l o s s m e c h a n i s m s r e s p o n s i b l e 
f o r the p e a k s . 
T h e e n e r g y l o s s v a l u e a l o n e i s g e n e r a l l y i n s u f f i c i e n t i n f o r m a ­
t i o n f o r d e t e r m i n i n g w h e t h e r a p a r t i c u l a r l o s s p e a k i s the r e s u l t of a 
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T a b l e 1. T h e o r e t i c a l and M e a s u r e d E n e r g y L o s s V a l u e s f o r B o t h 
I n t e r b a n d T y p e T r a n s i t i o n s and P l a s m a R e s o n a n c e s in 
T u n g s t e n . 
S o u r c e E n e r g y L o s s V a l u e s ( e v ) E x p l a n a t i o n 
E q s . (77) and 
(90) 
( C a l c u l a t e d ) 
1 6 . 2 2 2 . 9 P l a s m a R e s o n a n c e 
E q . (95) 
( C a l c u l a t e d ) 
15 30 4 5 60 U m k l a p p P r o c e s s 
P r e s e n t W o r k 1 2 . 5 
( F i g . 10) 
( M e a s u r e d ) 
2 3 . 5 35 4 3 5 3 . 5 C l e a n (110) S u r f a c e 
H a r r o w e r 2 7 
( M e a s u r e d ) 
1 4 . 8 2 6 . 8 4 6 . 4 5 8 . 0 P o l y c r y s t a l l i n e 
R i b b o n 
P o w e l l e t a l . 3 6 10 . 6 2 4 . 3 
( M e a s u r e d ) 
4 3 . 3 5 2 . 8 P o l y c r y s t a l l i n e 
W i r e 
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s i n g l e - e l e c t r o n t r a n s i t i o n or the e x c i t a t i o n of a p l a s m a r e s o n a n c e . A s 
n o t e d a b o v e , a n u m k l a p p t y p e l o s s i s p r e d i c t e d w i t h an e n e r g y of 15 e v , 
and the c o m p u t e d v a l u e f o r the s u r f a c e p l a s m o n l o s s i s 16 . 2 e v . A 
l o s s p e a k i s m e a s u r e d at 1 2 . 5 e v , and t h i s p e a k c o u l d r e s u l t f r o m t h e 
u m k l a p p t r a n s i t i o n , a s u r f a c e p l a s m o n , or b o t h . H o w e v e r , t h i s p e a k 
h a s b e e n i d e n t i f i e d w i t h the s u r f a c e p l a s m o n b e c a u s e of a s t r o n g d e p e n d ­
e n c e of the r e l a t i v e i n t e n s i t y of t h i s p e a k o n i n c i d e n t b e a m v o l t a g e and 
v a r i a t i o n s i n t h e i n t e n s i t y w i t h c h a n g e s i n s u r f a c e c o n d i t i o n s . 
A s e q u e n c e of e n e r g y d i s t r i b u t i o n c u r v e s f o r c l e a n t u n g s t e n w a s 
o b t a i n e d f o r d i f f e r e n t i n c i d e n t b e a m e n e r g i e s . T h e c h a r a c t e r i s t i c l o s s 
r e g i o n s of t h e s e c u r v e s w e r e a m p l i f i e d and a r e d i s p l a y e d i n F i g . 1 1 . 
F o r an i n c i d e n t e n e r g y of 150 e v , the s u r f a c e and bulk p l a s m o n p e a k s 
a r e r o u g h l y t h e s a m e s i z e . H o w e v e r , a s t h e v o l t a g e of the p r i m a r y 
e l e c t r o n s i s i n c r e a s e d , t h e r e i s a t e n d e n c y f o r t h e bulk p l a s m o n p e a k 
to g r o w i n i n t e n s i t y r e l a t i v e t o the s u r f a c e p e a k . T h i s i m p l i e s tha t a s 
the e l e c t r o n e n e r g y i n c r e a s e s , and c o n s e q u e n t l y t h e p e n e t r a t i o n d e p t h , 
t h e r e i s a t e n d e n c y for bulk m o d e s to be e x c i t e d w i t h h i g h e r p r o b a b i l i t y 
t h a n the s u r f a c e m o d e s . O n e w o u l d e x p e c t t h i s b e h a v i o r , a s m a y b e 
s e e n by r e f e r r i n g to the e x c i t a t i o n p r o b a b i l i t y for bulk and s u r f a c e r e s ­
o n a n c e s g i v e n i n E q . ( 8 8 ) . T h e bu lk p l a s m o n e x c i t a t i o n r a t e i s p r o p o r ­
t i o n a l to t h e e q u i v a l e n t p a t h l e n g t h in the s o l i d , w h i c h , in t h i s c a s e , 
w o u l d be r e l a t e d to the p e n e t r a t i o n d e p t h ; t h e s u r f a c e e x c i t a t i o n , o n t h e 
o t h e r h a n d , i s i n d e p e n d e n t of the d i s t a n c e t r a v e l e d in the m a t e r i a l . 
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ENERGY LOSS AE F i g u r e 1 1 . S e q u e n c e o f E n e r g y L o s s C u r v e s f o r C l e a n S u r f a c e S h o w i n g t h e R e l a t i v e I n t e n s i t i e s o f t h e B u l k a n d 
S u r f a c e P l a s m o n P e a k s f o r I n c i d e n t B e a m E n e r g i e s 
V a r y i n g f r o m 150 t o 350 e v . 
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T h i s m e a n s t h a t , a s t h e p e n e t r a t i o n d e p t h i s i n c r e a s e d , t h e e x c i t a t i o n 
p r o b a b i l i t y f o r t h e b u l k r e s o n a n c e s h o u l d i n c r e a s e , a n d t h e e x c i t a t i o n 
p r o b a b i l i t y f o r t h e s u r f a c e r e s o n a n c e s h o u l d r e m a i n c o n s t a n t . 
T h e r e l a t i o n s h i p o f b u l k a n d s u r f a c e p l a s m o n i n t e n s i t i e s s h o w n 
i n F i g . 11 i s c o m p l i c a t e d s l i g h t l y b y t h e f a c t t h a t t h e t o t a l i n t e g r a t e d 
i n t e n s i t y o f t h e p l a s m o n p e a k s d e c r e a s e s w i t h i n c r e a s i n g p r i m a r y 
e n e r g y , as i s e v i d e n t i n t h e f i g u r e . T h i s d e c r e a s e i s a t t r i b u t e d t o t h e 
d e p e n d e n c e o f t h e t o t a l p l a s m o n p e a k i n t e n s i t y o n t h e i n t e n s i t y o f t h e 
e l a s t i c a l l y r e f l e c t e d p r i m a r y p e a k w h i c h m a y b e e x p l a i n e d a s f o l l o w s . 
T h e a n g u l a r d i s p e r s i o n o f e v e n s l o w e l e c t r o n s l o s i n g e n e r g y i n p l a s ­
m o n e x c i t a t i o n s i s s m a l l , s o t h a t t w o s c a t t e r i n g e v e n t s a r e r e q u i r e d 
f o r t h e e l e c t r o n s t o b e b a c k - r e f l e c t e d a n d c o l l e c t e d i n t h e L E E D o p ­
t i c s . I f t h e e l e c t r o n s a r e f i r s t e l a s t i c a l l y d i f f r a c t e d t o f o r m t h e d i f ­
f r a c t i o n m a x i m a a n d s e c o n d l y a r e s c a t t e r e d o u t o f t h e d i f f r a c t e d 
b e a m s b y p l a s m o n e x c i t a t i o n , t h e n t h e i n t e n s i t y o f t h e e l e c t r o n s l o s ­
i n g e n e r g y i n t h e e x c i t a t i o n w o u l d b e p r o p o r t i o n a l t o t h e i n t e n s i t y o f 
e l e c t r o n s i n c l u d e d i n t h e d i f f r a c t e d b e a m s . T h i s m e a n s t h a t t h e i n t e n ­
s i t y o f t h e p l a s m o n l o s s p e a k s w o u l d b e p r o p o r t i o n a l t o t h e i n t e n s i t y 
o f t h e e l a s t i c a l l y d i f f r a c t e d p r i m a r y p e a k . I f , o n t h e o t h e r h a n d , t h e 
e l e c t r o n s f i r s t l o s e e n e r g y i n t h e i n e l a s t i c e v e n t a n d a r e t h e n e l a s t i ­
c a l l y d i f f r a c t e d , t h e d i f f r a c t i o n c o n d i t i o n s s a t i s f i e d w o u l d d i f f e r f r o m 
t h e d i f f r a c t i o n c o n d i t i o n s s a t i s f i e d b y t h e p r i m a r y e l e c t r o n s , a n d t h e 
p r o p o r t i o n a l r e l a t i o n s h i p w o u l d n o t b e e x p e c t e d . I n a s e q u e n c e o f 
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e n e r g y d i s t r i b u t i o n s s i m i l a r t o F i g . 11 b u t s h o w i n g e l a s t i c p e a k s a l o n g 
w i t h t h e c h a r a c t e r i s t i c l o s s p e a k s i t w a s o b s e r v e d t h a t t h e i n t e n s i t y o f 
t h e p l a s m o n p e a k s w a s p r o p o r t i o n a l t o t h e i n t e n s i t y o f t h e e l a s t i c p e a k . 
F o r t h e e n e r g y r a n g e c o n s i d e r e d i n F i g . 1 1 , t h e i n t e n s i t y o f t h e e l a s t i c 
p e a k s h o w e d a g e n e r a l d e c r e a s e w i t h i n c r e a s i n g p r i m a r y e n e r g y , a n d 
t h e p l a s m o n p e a k i n t e n s i t i e s d e c r e a s e d c o r r e s p o n d i n g l y . I t m u s t b e 
n o t e d , h o w e v e r , t h a t t h i s o b s e r v a t i o n w a s p u r e l y q u a l i t a t i v e b e c a u s e 
o f d i f f i c u l t i e s i n d e t e r m i n i n g t h e i n t e g r a t e d i n t e n s i t i e s o f t h e p l a s m o n 
p e a k s d u e t o u n k n o w n b a c k g r o u n d c o n t r i b u t i o n s . M o r e o v e r , t h e q u e s t i o n 
i n v o l v i n g t h e s e q u e n c e o f t h e e l a s t i c a n d i n e l a s t i c s c a t t e r i n g e v e n t s c a n 
b e a d e q u a t e l y r e s o l v e d o n l y b y m a k i n g m e a s u r e m e n t s o f a n g u l a r d i s t r i ­
b u t i o n s as o u t l i n e d i n C h a p t e r I I . 
F u r t h e r e v i d e n c e f o r t h e p r o p o r t i o n a l d e p e n d e n c e o f t h e p l a s m o n 
l o s s i n t e n s i t y o n t h e e l a s t i c a l l y r e f l e c t e d p r i m a r y i n t e n s i t y i s p r e s e n t e d 
i n F i g . 1 2 . T h i s f i g u r e s h o w s t h e e f f e c t s o f o x y g e n a d s o r p t i o n o n t h e 
e l a s t i c p e a k a n d t h e p l a s m o n p e a k s . T h e o x y g e n c o v e r a g e w a s a p p r o x i ­
m a t e l y o n e m o n o l a y e r as i n d i c a t e d b y L E E D p a t t e r n s . W i t h o x y g e n e x ­
p o s u r e t h e i n t e n s i t y o f t h e e l a s t i c p e a k m o r e t h a n d o u b l e d w i t h c o r r e s ­
p o n d i n g i n c r e a s e s i n t h e i n t e n s i t i e s o f t h e p l a s m o n p e a k s . 
I t m a y a l s o b e n o t e d i n F i g . 12 t h a t t h e i n t e n s i t y o f t h e s u r f a c e 
p l a s m o n p e a k h a s i n c r e a s e d w i t h o x y g e n e x p o s u r e r e l a t i v e t o t h e i n t e n ­
s i t y o f t h e b u l k p l a s m o n p e a k , w h i c h a t f i r s t t h o u g h t s e e m s t o c o n t r a -
70 
d i e t S t e r n a n d F e r r e l l ' s p r e d i c t i o n t h a t t h e s u r f a c e p l a s m o n i n t e n s i t y 
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F i g u r e 1 2 . E n e r g y L o s s C u r v e s for 130 V o l t E l e c t r o n s S h o w i n g 
the E f f e c t of A d s o r b e d O x y g e n on the E l a s t i c a l l y 
R e f l e c t e d P r i m a r y P e a k and t h e P l a s m o n P e a k s . 
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s h o u l d d e c r e a s e w i t h t h e f o r m a t i o n o f a d i e l e c t r i c f i l m a t t h e s u r f a c e . 
I n t h i s r e g a r d s e v e r a l p o i n t s m u s t be c o n s i d e r e d . F i r s t , a c c o r d i n g t o 
S t e r n a n d F e r r e l l ' s c a l c u l a t i o n , t h e q u e n c h i n g o f t h e s u r f a c e p l a s m o n 
l o s s p e a k s h o u l d o c c u r f o r o x i d e f i l m t h i c k n e s s e s o n t h e o r d e r o f ZO A • 
T h i s c o n d i t i o n a t t h e s u r f a c e i s n o t e v e n c r u d e l y a p p r o x i m a t e d b y t h e 
a d s o r p t i o n o f a s i n g l e m o n o l a y e r o f o x y g e n so t h a t t h e e f f e c t o f t h e 
o x y g e n l a y e r c o u l d i n t h i s c a s e be n e g l i g i b l y s m a l l . O n t h e o t h e r h a n d , 
o b s e r v a t i o n s o n o t h e r m a t e r i a l s m a d e i n t h i s l a b o r a t o r y * ^ h a v e i n d i ­
c a t e d t h a t p a r t i a l q u e n c h i n g o f t h e s u r f a c e r e s o n a n c e m a y o c c u r f o r 
o x y g e n c o v e r a g e s i n t h e m o n o l a y e r r a n g e , a n d t h e p o s s i b i l i t y o f t h i s 
e f f e c t m u s t n o t b e d i s c o u n t e d e n t i r e l y . I n e i t h e r c a s e , i t i s c l e a r t h a t 
S t e r n a n d F e r r e l l ' s d e s c r i p t i o n o f t h e s u r f a c e c o a t i n g i n t e r m s o f a 
d i e l e c t r i c c o n s t a n t d o e s n o t a p p l y f o r m o n o l a y e r c o v e r a g e s , a n d o n e 
w o u l d n o t a p r i o r i e x p e c t t o o b s e r v e t h e d e c r e a s e s i n i n t e n s i t y f o r 
c o v e r a g e s i n t h i s r a n g e . A s e c o n d p o i n t c o n c e r n s t h e s t r o n g i n c r e a s e 
i n t h e i n t e n s i t y o f t h e e l a s t i c a l l y r e f l e c t e d p r i m a r y p e a k ; t h i s i n c r e a s e 
r e f l e c t s a s t r o n g i n c r e a s e i n t h e p r o b a b i l i t y t h a t e l e c t r o n s i n c i d e n t o n 
t h e s a m p l e w o u l d b e e l a s t i c a l l y d i f f r a c t e d . F u r t h e r m o r e , s i n c e t h e 
c h a n g e s i n t r o d u c e d b y o x y g e n a d s o r p t i o n a f f e c t m a i n l y t h e s u r f a c e l a y ­
e r , o n e m a y c o n c l u d e t h a t t h e i n c r e a s e d e l a s t i c s c a t t e r i n g i s a l s o a s s o ­
c i a t e d w i t h t h e s u r f a c e . A n i m m e d i a t e c o n s e q u e n c e o f t h i s c o n c l u s i o n 
i s t h a t t h e p e n e t r a t i o n d e p t h s h o u l d d e c r e a s e as e x p l a i n e d i n C h a p t e r 
I I , a n d o n e w o u l d t h e n e x p e c t a n i n c r e a s e i n t h e p r o b a b i l i t y f o r t h e e x -
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c i t a t i o n o f t h e s u r f a c e r e s o n a n c e r e l a t i v e t o t h e p r o b a b i l i t y f o r b u l k 
e x c i t a t i o n s . C o m b i n i n g t h e s e i d e a s , t h e t o t a l i n t e n s i t y o f b o t h b u l k a n d 
s u r f a c e p l a s m o n l o s s p e a k s s h o u l d i n c r e a s e w i t h o x y g e n a d s o r p t i o n b e ­
c a u s e o f t h e i n c r e a s e i n t h e e l a s t i c a l l y s c a t t e r e d c u r r e n t , a n d t h e i n ­
c r e a s e o f t h e s u r f a c e l o s s p e a k s h o u l d b e g r e a t e r t h a n t h a t o f t h e b u l k 
l o s s b e c a u s e o f d e c r e a s e d p e n e t r a t i o n a r i s i n g f r o m h i g h e r s c a t t e r i n g 
b y t h e s u r f a c e l a y e r . 
I n a d d i t i o n t o t h e b u l k a n d s u r f a c e p l a s m o n l o s s p e a k s m e a s ­
u r e d a t 2 3 . 5 a n d 12 . 5 e v r e s p e c t i v e l y , a t h i r d p e a k i s o b s e r v e d a t 35 
e v w h i c h c a n b e e x p l a i n e d i n t e r m s o f t h e e x c i t a t i o n s o f t w o p l a s m o n s . 
T h e r e l a t i v e i n t e n s i t y o f t h i s p e a k d e c r e a s e s w i t h i n c r e a s i n g b e a m 
v o l t a g e i n t h e s a m e m a n n e r as t h a t o f t h e s u r f a c e p l a s m o n . I n f a c t , 
t h i s p e a k c a n b e o b s e r v e d o n l y i n t h e r a n g e o f b e a m v o l t a g e s b e t w e e n 
100 a n d 2 0 0 v o l t s . A l t h o u g h a n i n t e r b a n d t y p e t r a n s i t i o n l o s s i s p r e ­
d i c t e d a t 30 e v , t h e o b s e r v e d b e h a v i o r s u g g e s t s t h a t t h i s p e a k r e s u l t s 
f r o m t h e e x c i t a t i o n o f b o t h a b u l k a n d a s u r f a c e p l a s m o n . A n e l e c t r o n 
e x c i t i n g t h e s e t w o r e s o n a n c e s w o u l d b e e x p e c t e d t o l o s e a n e n e r g y o f 
36 e v w h i c h a g r e e s r e a s o n a b l y w e l l w i t h t h e m e a s u r e d l o s s v a l u e o f 
35 e v . A l s o t h e r e l a t i v e i n t e n s i t y o f a p e a k r e p r e s e n t i n g e l e c t r o n s 
w h i c h h a v e u n d e r g o n e t h e s e t w o l o s s e s w o u l d b e e x p e c t e d t o v a r y w i t h 
t h e i n t e n s i t y o f e i t h e r o f t h e t w o s i n g l e - l o s s p e a k s . T h e i n t e n s i t y o f 
t h e b u l k p l a s m o n p e a k d o e s n o t c h a n g e s t r o n g l y i n t h e e n e r g y r a n g e 
c o n s i d e r e d , b u t i t w a s o b s e r v e d t h a t t h e d o u b l e - l o s s p e a k a n d t h e s u r -
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f a c e p l a s m o n p e a k v a r y c o r r e s p o n d i n g l y . 
T h e e n e r g y l o s s v a l u e s o f 43 a n d 5 3 . 5 e v m e a s u r e d f o r t h e l a s t 
t w o p e a k s i n F i g . 10 a g r e e f a i r l y w e l l w i t h t h e l o s s e s o f 45 a n d 60 e v 
p r e d i c t e d f r o m E q . ( 9 5 ) . N o c o m b i n a t i o n s o f t h e b u l k a n d s u r f a c e p l a s ­
m o n l o s s v a l u e s c o r r e s p o n d i n g t o m u l t i p l e e x c i t a t i o n s c a n b e u s e d t o 
p r e d i c t t h e o b s e r v e d v a l u e s f o r t h e s e t w o p e a k s w h i c h a r e i n t e r p r e t e d 
as r e p r e s e n t i n g u m k l a p p t r a n s i t i o n s . T h i s i n t e r p r e t a t i o n i s s u b s t a n t i ­
a t e d b y t h e o b s e r v a t i o n o f m a x i m a i n t h e t r u e s e c o n d a r y d i s t r i b u t i o n 
w i t h e n e r g i e s c o r r e s p o n d i n g t o l a t t i c e e l e c t r o n s e j e c t e d f r o m t h e v a ­
l e n c e b a n d i n t h e u m k l a p p p r o c e s s e s , as d i s c u s s e d i n t h e n e x t s e c t i o n . 
T h e a b o v e i n t e r p r e t a t i o n s o f t h e e n e r g y l o s s e s m e a s u r e d i n t h i s 
s t u d y m a y b e c o m p a r e d w i t h t h e i n t e r p r e t a t i o n s m a d e b y o t h e r a u t h o r s 
o f t h e l o s s e s f o r t u n g s t e n s u m m a r i z e d i n T a b l e 1 . H a r r o w e r ' s m e a s -
27 
u r e d l o s s v a l u e s w e r e a l l i n t e r p r e t e d b y h i m as r e p r e s e n t i n g s i n g l e -
e l e c t r o n e x c i t a t i o n s . T h i s s a m e i n t e r p r e t a t i o n o f H a r r o w e r ' s d a t a w a s 
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a p p l i e d b y V i a t s k i n i n h i s t h e o r e t i c a l d i s c u s s i o n o f t h e i n t e r b a n d t y p e 
t r a n s i t i o n s . I n n e i t h e r c a s e w e r e p l a s m o n e x c i t a t i o n l o s s e s c o n s i d e r e d . 
F u r t h e r , i n H a r r o w e r ' s d a t a t h e s a m e d e c r e a s e i n i n t e n s i t y o f h i s 14 . 8 
e v l o s s p e a k w a s o b s e r v e d as w a s p o i n t e d o u t h e r e i n c o n n e c t i o n w i t h 
F i g u r e 1 1 ; t h i s e f f e c t w a s n o t d i s c u s s e d a n d w o u l d n o t b e e x p e c t e d i n t h e 
36 
c a s e o f a s i n g l e - e l e c t r o n e x c i t a t i o n . P o w e l l , R o b i n s a n d S w a n ' s d a t a 
w e r e p r e s e n t e d w i t h o u t a n y i n t e r p r e t a t i o n , b u t , i n a r e v i e w o f t h e s e 
15 
d a t a , K l e m p e r e r a n d S h e p h e r d c o m p a r e d t h e i r 2 4 . 3 e v l o s s w i t h t h e 
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t h e o r e t i c a l v a l u e f o r t h e b u l k p l a s m o n e x c i t a t i o n . P o s s i b l e m e c h a ­
n i s m s t o e x p l a i n t h e o t h e r l o s s p e a k s w e r e n o t m e n t i o n e d , a l t h o u g h , 
g o i n g b a c k t o t h e d a t a p u b l i s h e d b y P o w e l l e t a l . , o n e m a y r e a d i l y s e e 
t h a t t h e i r 10 . 6 e v l o s s p e a k e x h i b i t s t h e d e p e n d e n c e o f i n t e n s i t y o n t h e 
20 
g r o w t h o f a s u r f a c e c o a t i n g p r e d i c t e d b y S t e r n a n d F e r r e l l f o r t h e 
s u r f a c e p l a s m o n . 
I t m a y b e n o t e d f r o m T a b l e 1 t h a t t h e r e a r e d i f f e r e n c e s i n t h e 
e n e r g y v a l u e s o f t h e l o s s p e a k s ( o t h e r t h a n t h e m u l t i p l e l o s s p e a k ) 
d e t e r m i n e d i n t h e p r e s e n t w o r k f o r t h e c l e a n t u n g s t e n s u r f a c e a n d t h o s e 
r e p o r t e d b y t h e o t h e r a u t h o r s . T h e s e d i f f e r e n c e s m a y i n p a r t b e a t t r i -
15 
b u t e d t o d i f f e r e n c e s i n t h e m e a s u r e m e n t s c h e m e s e m p l o y e d , a n d m a y 
b e p a r t l y d u e t o v a r i a t i o n s i n s a m p l e s u r f a c e c o n d i t i o n s . I n t h e w o r k 
of H a r r o w e r , s e c o n d a r y e l e c t r o n e n e r g y d i s t r i b u t i o n s w e r e o b t a i n e d f o r 
e l e c t r o n s r e f l e c t e d f r o m p o l y c r y s t a l l i n e r i b b o n s . T h e s e s a m p l e s w e r e 
c l e a n e d i n v a c u u m b y h e a t i n g f o r l o n g p e r i o d s a t t e m p e r a t u r e s o f a b o u t 
2 3 0 0 ° C a n d f l a s h h e a t i n g b e f o r e e a c h m e a s u r e m e n t t o a t e m p e r a t u r e o f 
a b o u t 2 1 0 0 ° C . I t h a s b e e n s h o w n u s i n g L E E D t h a t s u c h h e a t t r e a t m e n t 
c a n r e s u l t i n a n o r d e r e d a c c u m u l a t i o n o f c a r b o n o n a n d n e a r t h e s u r f a c e 
o f t h e s a m p l e . M e a s u r e m e n t s o f e n e r g y d i s t r i b u t i o n s f o r t h e t u n g s t e n 
( 1 1 0 ) s u r f a c e c h a r a c t e r i z e d b y t h e c a r b o n c o n t a m i n a t e d L E E D p a t t e r n 
o f F i g . 9 (a ) d i d n o t r e v e a l s i g n i f i c a n t s h i f t s i n t h e e n e r g y l o s s v a l u e s , 
b u t m e a s u r e m e n t s b y P o w e l l e t a l . , f o r m o r e s e v e r e s u r f a c e c o n t a m i ­
n a t i o n d i d s h o w v a r i a t i o n s o f s e v e r a l e l e c t r o n v o l t s . I n t h i s c a s e p o l y -
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c r y s t a l l i n e w i r e s o f t u n g s t e n w e r e u s e d , a n d h e a t t r e a t m e n t a l o n e w a s 
r e l i e d u p o n f o r c l e a n i n g . A f u r t h e r d i f f e r e n c e i n t h e m e a s u r e m e n t s i s 
t h a t b o t h P o w e l l e t a l . , a n d H a r r o w e r u s e d m a i n l y p r i m a r y e n e r g i e s 
i n t h e r a n g e o f 500 e v a n d a b o v e , w h e r e a s m e a s u r e m e n t s r e p o r t e d h e r e 
a r e f o r p r i m a r y e n e r g i e s i n t h e 100 e v r a n g e ; a t h i g h e r i n c i d e n t e n e r ­
g i e s s h i f t s i n l o s s v a l u e s o f l e s s t h a n 2 e v h a v e b e e n o b s e r v e d . M o r e ­
o v e r , t h e f a c t t h a t t h e i r m e a s u r e m e n t s w e r e m a d e a t h i g h e r i n c i d e n t 
e n e r g i e s p r e s u m a b l y a c c o u n t s f o r t h e i r n o t h a v i n g o b s e r v e d t h e m u l t i ­
p l e l o s s p e a k d u e t o e x c i t a t i o n o f b o t h b u l k a n d s u r f a c e p l a s m o n s . 
S u b s i d i a r y M a x i m a 
S u b s i d i a r y m a x i m a i n t h e t r u e s e c o n d a r y r e g i o n o f a n e l e c t r o n 
e n e r g y d i s t r i b u t i o n f o r t u n g s t e n a r e s h o w n i n F i g . 13 . T h i s c u r v e w a s 
o b t a i n e d f o r t h e c l e a n ( 1 1 0 ) s u r f a c e b o m b a r d e d b y 130 e v p r i m a r y e l e c ­
t r o n s . A p p r o x i m a t e e n e r g y v a l u e s h a v e b e e n i n d i c a t e d f o r s o m e o f t h e 
m o r e p r o m i n e n t p e a k s w h i c h a p p e a r s u p e r i m p o s e d o n t h e l a r g e p e a k 
d u e t o m u l t i p l e i n e l a s t i c p r o c e s s e s . T h e s e s u b s i d i a r y m a x i m a m a y b e 
e x p l a i n e d i n t e r m s o f A u g e r t r a n s i t i o n s a n d u m k l a p p p r o c e s s e s . 
I n a n u m k l a p p t y p e t r a n s i t i o n , a n i n c i d e n t e l e c t r o n l o s e s a n 
a m o u n t o f e n e r g y g i v e n b y E q . ( 9 5 ) , a n d t h i s e n e r g y i s t r a n s f e r r e d t o 
o n e o f t h e l a t t i c e e l e c t r o n s w h i c h u s u a l l y o r i g i n a t e s i n o n e o f t h e u p p e r 
l y i n g e n e r g y l e v e l s . T h i s l a t t i c e e l e c t r o n m a y t h e n b e e j e c t e d f r o m t h e 
s o l i d , a n d t h e e n e r g y m e a s u r e d i n t h e a n a l y z e r w o u l d b e t h e e n e r g y l o s t 
b y t h e p r i m a r y e l e c t r o n m i n u s t h e e n e r g y r e q u i r e d t o r a i s e t h e l a t t i c e 
118 
F i g u r e 13 . T r u e S e c o n d a r y P e a k f o r C l e a n T u n g s t e n ( 1 1 0 ) 
S u r f a c e S h o w i n g S u b s i d i a r y M a x i m a . 130 V o l t 
P r i m a r y E l e c t r o n s . 
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e l e c t r o n f r o m i t s i n i t i a l s t a t e t o t h e v a c u u m l e v e l . E n e r g y l o s s e s 
a s s o c i a t e d w i t h u m k l a p p p r o c e s s e s i n t u n g s t e n w e r e d e t e r m i n e d i n t h e 
p r e v i o u s s e c t i o n t o b e 15 , 3 0 , 45 a n d 60 e v . E x p e r i m e n t a l l o s s e s 
c o r r e s p o n d i n g t o t h e 45 a n d 60 e v e x c i t a t i o n s w e r e o b s e r v e d a t 43 a n d 
5 3 . 5 e v r e s p e c t i v e l y ; t h e a b s e n c e o f o b s e r v e d s i n g l e - e l e c t r o n e x c i t a t i o n 
l o s s e s c o r r e s p o n d i n g t o t h e 15 a n d 30 e v v a l u e s s u g g e s t s t h a t t h e s e e x ­
c i t a t i o n s e i t h e r d o n o t o c c u r o r t h a t t h e y o c c u r w i t h a r e l a t i v e l y l o w e r 
p r o b a b i l i t y . 
A s s u m i n g t h a t t h e l a t t i c e e l e c t r o n s o r i g i n a t e i n t h e v a l e n c e b a n d , 
i n i t i a l e n e r g y l e v e l s m a y b e e s t i m a t e d f r o m M a t t h e i s s ' b a n d s t r u c t u r e 
78 
c a l c u l a t i o n s f o r t u n g s t e n . H i s c a l c u l a t i o n s s h o w s t r o n g p e a k s i n t h e 
d e n s i t y o f s t a t e s a t e n e r g i e s o f 6. 1 , 3 . 9 a n d 2 . 3 e v b e l o w t h e F e r m i 
79 
l e v e l , o r , u s i n g a w o r k f u n c t i o n o f 4 . 7 e v f o r t h e ( 1 1 0 ) s u r f a c e , h i s 
p e a k s o c c u r a t e n e r g i e s o f 10 . 8, 8 . 6 a n d 7 . 0 e v b e l o w t h e v a c u u m l e v e l . 
I f , f o r e x a m p l e , a n i n c i d e n t e l e c t r o n l o s e s 45 e v t o o n e o f t h e l a t t i c e 
e l e c t r o n s i n a n u m k l a p p p r o c e s s a n d i f t h e l a t t i c e e l e c t r o n i s i n i t i a l l y 
i n a s t a t e n e a r t h e c e n t e r o f t h e d i s t r i b u t i o n p r e d i c t e d b y M a t t h e i s s , 
t h e n t h e e j e c t e d e l e c t r o n w o u l d be m e a s u r e d t o h a v e a n e n e r g y o f 3 6 . 4 
e v . V a l u e s f o r t h e o t h e r t h e o r e t i c a l l o s s e s c o u l d be s i m i l a r l y p r e d i c t ­
e d , b u t a m o r e m e a n i n g f u l p r e d i c t i o n i s m a d e b y c o n s i d e r i n g e n e r g y 
v a l u e s o f u m k l a p p e l e c t r o n s c o r r e s p o n d i n g t o t h e m e a s u r e d l o s s v a l u e s . 
F o r t h e m e a s u r e d l o s s e s o f 43 a n d 5 3 . 5 e v , t h i s g i v e s e n e r g y v a l u e s 
f o r t h e e j e c t e d e l e c t r o n s o f 3 4 . 4 a n d 4 4 . 9 e v r e s p e c t i v e l y ; t h e s e v a l u e s 
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c o m p a r e v e r y w e l l w i t h t h e m e a s u r e d s u b s i d i a r y m a x i m a s h o w n i n 
F i g u r e 13 a t 35 a n d 4 4 e v . D i f f i c u l t i e s i n a p p l y i n g t h i s i n t e r p r e t a t i o n 
a r i s e f r o m t h e f a c t s t h a t t h e b a n d s t r u c t u r e c a l c u l a t i o n s a r e n o t e x a c t 
s o t h a t t h e i n i t i a l l e v e l s c a n n o t be d e t e r m i n e d w i t h c e r t a i n t y a n d , 
s e c o n d l y , t h e r e i s n o a p r i o r i m e a n s o f d e t e r m i n i n g w h i c h o f t h e p e a k s 
i n t h e d e n s i t y o f s t a t e s s h o u l d b e u s e d t o r e p r e s e n t t h e i n i t i a l l e v e l o f 
t h e e j e c t e d e l e c t r o n . 
S i m i l a r d i f f i c u l t i e s a r e e n c o u n t e r e d i n a t t e m p t i n g t o p r e d i c t 
t h e e n e r g i e s o f A u g e r e l e c t r o n s e m i t t e d f r o m t h e s o l i d . I n t h e A u g e r 
p r o c e s s , a v a c a n c y i s c r e a t e d i n o n e o f t h e l o w e r e n e r g y l e v e l s b y 
i n t e r a c t i o n w i t h o n e o f t h e p r i m a r y e l e c t r o n s , t h i s v a c a n c y i s f i l l e d b y 
a n e l e c t r o n f r o m o n e o f t h e u p p e r l e v e l s , a n d t h e e n e r g y i s r e l e a s e d i n 
t h e f o r m o f a n A u g e r e l e c t r o n e m i t t e d f r o m a n e a r b y u p p e r l e v e l . T h e 
e n e r g y m e a s u r e d f o r t h e e m i t t e d e l e c t r o n , as e x p r e s s e d i n E q . ( 9 2 ) , 
i s t h e d e - e x c i t a t i o n e n e r g y m i n u s t h e e n e r g y r e q u i r e d t o r a i s e t h e A u ­
g e r e l e c t r o n f r o m i t s i n i t i a l s t a t e t o t h e v a c u u m l e v e l . T h e e l e c t r o n i c 
s t r u c t u r e o f t u n g s t e n i s q u i t e c o m p l i c a t e d i n t h a t t h e r e a r e f i v e e n e r g y 
80 
l e v e l s l y i n g l e s s t h a n 75 e v b e l o w t h e v a c u u m l e v e l , n o t t o m e n t i o n 
t h e t h r e e s t r o n g p e a k s i n t h e v a l e n c e b a n d d e s c r i b e d a b o v e . C o m b i n a ­
t i o n s o f t h e s e l e v e l s m a y b e u s e d t o p r e d i c t A u g e r e l e c t r o n e n e r g i e s 
o f a l m o s t a n y v a l u e d e s i r e d i n t h e r a n g e c o v e r e d b y F i g . 13 . I n o r d e r 
t o r e s t r i c t t h e c o n s i d e r a t i o n o f p o s s i b l e c o m b i n a t i o n s , a d e t a i l e d a n a l ­
y s i s o f A u g e r t r a n s i t i o n p r o b a b i l i t i e s i s r e q u i r e d , a n d s u c h a n a n a l y s i s 
1 2 1 
l i e s b e y o n d t h e s c o p e a n d p u r p o s e o f t h i s d i s c u s s i o n . I t i s , t h e r e f o r e , 
s u f f i c i e n t t o i n c l u d e h e r e a t a b u l a t i o n o f s o m e o f t h e c o m b i n a t i o n s o f 
l e v e l s w h i c h c a n be u s e d t o p r e d i c t t h e t h r e e A u g e r p e a k s i n d i c a t e d i n 
F i g u r e 13 . 
T h e d i f f i c u l t y p o i n t e d o u t i n t h e p r e c e e d i n g p a r a g r a p h m a y b e 
i l l u s t r a t e d b y c o n s i d e r i n g t h e A u g e r p e a k a t 1 1 . 5 e v . T h i s p e a k c a n 
b e e x p l a i n e d b y a s s u m i n g t h a t a n e l e c t r o n i s f i r s t r e m o v e d f r o m t h e 
4 f 7 / 2 l e v e l i n t u n g s t e n ; t h i s l e v e l o c c u r s 2 8 . 56 e v b e l o w t h e v a c u u m 
80 
l e v e l , u s i n g a t o m i c e n e r g y l e v e l s t a b u l a t e d b y B o r n s t e i n f r o m x - r a y 
s p e c t r a . I f t h i s v a c a n c y w e r e f i l l e d b y a n e l e c t r o n f r o m t h e ( 5 d 6 s ) 
p e a k i n M a t t h e i s s ' d e n s i t y o f s t a t e s , w h i c h i s 10 . 6 e v b e l o w t h e v a c ­
u u m l e v e l , t h e n t h e d e - e x c i t a t i o n e n e r g y w o u l d b e 1 7 . 96 e v , a n d a n 
e l e c t r o n e j e c t e d f r o m t h e ( 5 d 6 s ) j . l e v e l ( 6 . 8 e v ) w o u l d b e m e a s u r e d w i t h 
a n e n e r g y o f 1 1 . 16 e v . A l t e r n a t i v e l y , i f t h e v a c a n c y w e r e c r e a t e d i n 
t h e 4 f 5 / 2 l e v e l ( 3 1 . 28 e v ) a n d f i l l e d b y a n e l e c t r o n f r o m t h e ( 5 d 6 s ) ^ 
l e v e l , t h e n a n A u g e r e l e c t r o n e m i t t e d f r o m t h e ( 5 d 6 s ) ^ l e v e l ( 8 . 6 e v ) 
w o u l d h a v e a n e n e r g y o f 12 . 08 e v . A s m a y b e s e e n i n F i g . 13 , t h e 
b r e a d t h o f t h e 1 1 . 5 A u g e r p e a k i s s u f f i c i e n t t o a d m i t b o t h p o s s i b i l i t i e s . 
T h e e x p e r i m e n t a l e n e r g y v a l u e s f o r o b s e r v e d s u b s i d i a r y m a x i m a a n d 
s u g g e s t e d i n t e r p r e t a t i o n s a r e s u m m a r i z e d i n T a b l e 2 f o r A u g e r a n d u m ­
k l a p p p r o c e s s e s . A l s o i n c l u d e d i n t h i s t a b l e a r e e x p e r i m e n t a l v a l u e s 
27 
m e a s u r e d b y H a r r o w e r , w h i c h s h o w g e n e r a l l y g o o d a g r e e m e n t w i t h 
t h e c o r r e s p o n d i n g l o s s e s r e p o r t e d h e r e . 
122 
T a b l e 2 . S u b s i d i a r y M a x i m a i n t h e S e c o n d a r y 
E l e c t r o n D i s t r i b u t i o n f o r T u n g s t e n . 
P r e s e n t T T 27 n a r r o w e r T h e o r e t i c a l T r a n s i t i o n s 
W o r k ( e v ) ( e v ) ( e v ) 
oo 7 . 4 ( 4 f 7 / 2 ) - 2 ( 5 d 6 s ) I I I 
1 1 . 5 1 0 . 1 ( 4 f 5 / 2 ) - 2 ( 5 d 6 S ) i n 
9 . 4 ( 4 f 7 / 2 ) - ( 5 d 6 s ) m - ( 5 d 6 s ) I I 
1 1 . 2 ( 4 f 7 / 2 ) - ( 5 d 6 s ) m - ( 5 d 6 s ) T 
1 1 . 6 ( 4 f 7 / 2 ) - 2 ( 5 d 6 s ) I I 
1 2 . 3 ( 4 f 5 / 2 ) - ( 5 d 6 s W ( 5 d 6 s ) I I 
1 3 . 5 13 1 2 . 8 ( 5 p 3 / 2 ) - 2 ( 5 d 6 s ) m 
1 3 . 4 ( 4 f 7 / 2 ) - ( 5 d 6 s ) I I - ( 5 d 6 s ) ] . 
1 3 . 9 ( 4 f 5 / 2 ) - ( 5 d 6 s ) m - ( 5 d 6 s ) I 
1 4 . 5 ( 4 f 5 / 2 ) - 2 ( 5 d 6 s ) I I 
1 5 . 0 ( 4 f 7 / 2 ) - 2 ( 5 d 6 s ) ] . 
15 . 0 ( 5 p 3 / 2 ) - ( 5 d 6 s ) m - ( 5 d 6 s ) I I 
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Table 2. Subsidiary M a x i m a in the Secondary 













(4f 5 / 2)-(5d6s) n-(5d6s) I 
(5p 3 / 2)-(5d6s) m-(5d6s) I 
(5p 3 / 2)-2(5d6s) n 
(4f 5 / 2)-2(5d6s) I 
(5p 3 / 2)-(5d6s) n-(5d6s) I 
22 21. 8 20. 4 
22. 3 
24. 5 
(5p 3 / 2)-2(5d6s) I 
( 5 p 1 / 2 ) - 2 ( 5 d 6 s ) m 
(5p 1 / 2)-(5d6s) m-(5d6s) I I 




(5p 1 / 2)-(5d6s) m-(5d6s) I 
(5p 1 / 2)-2(5d6s) n 
(5p 1 / 2)-(5d6s) n-(5d6s) I 
(5p 1 / 2)-(5d6s) I 
1 2 4 
T a b l e 2 . S u b s i d i a r y M a x i m a i n t h e S e c o n d a r y 
E l e c t r o n D i s t r i b u t i o n f o r T u n g s t e n . 
( C o n t i n u e d ) 
P r e s e n t 
W o r k ( e v ) 
2 7 
H a r r o w e r 
( e v ) 
T h e o r e t i c a l
 m . . 
. . T r a n s i t i o n s ( e v ) 
35 3 7 . 8 U m k l a p p e l e c t r o n f r o m l o s s a t 43 e v 
4 4 4 6 U m k l a p p e l e c t r o n f r o m l o s s a t 5 3 . 5 e v 
57 5 2 . 2 ( 5 s 1 / 2 ) - 2 ( 5 d 6 s ) m 
5 4 . 4 ( 5 s 1 / 2 ) - ( 5 d 6 s ) I I I - ( 5 d 6 s ) n 
5 6 . 0 ( 5 s 1 / 2 ) - ( 5 d 6 s ) m - ( 5 d 6 s ) I 
5 6 . 6 ( 5 s 1 / 2 ) - 2 ( 5 d 6 s ) n 
5 8 . 2 ( 5 s l / 2 ) - ( 5 d 6 s ) I i - ( 5 d 6 s ) I 
5 9 . 8 ( 5 s 1 / 2 ) - 2 ( 5 d 6 s ) I 
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I t h a s b e e n o b s e r v e d t h a t t h e d e t a i l s o f t h e s u b s i d i a r y m a x i m a 
i n t h e t r u e s e c o n d a r y d i s t r i b u t i o n a r e q u i t e s e n s i t i v e t o s u r f a c e c o n d i ­
t i o n s , w h e r e a s t h e c h a r a c t e r i s t i c e n e r g y l o s s p e a k s w e r e b y c o m p a r i ­
s o n i n s e n s i t i v e e x c e p t i n t h e c a s e o f g r o s s s u r f a c e c o n t a m i n a t i o n . T h e 
e f f e c t o f a d s o r b e d o x y g e n o n t h e s u b s i d i a r y m a x i m a i s s h o w n i n F i g . 
1 4 ; t h i s c u r v e m a y b e c o m p a r e d w i t h t h e c l e a n t u n g s t e n d i s t r i b u t i o n i n 
F i g . 13 . T h e c u r v e o f F i g . 14 w a s o b t a i n e d f o r t h e ( 1 1 0 ) s u r f a c e w i t h 
a m o n o l a y e r o f a d s o r b e d o x y g e n . A d e f i n i t e p e a k h a s a p p e a r e d a t a n 
e n e r g y o f 7 e v . T o s h o w t h a t t h i s p e a k i s c h a r a c t e r i s t i c o f o x y g e n a d ­
s o r b e d o n t h e t u n g s t e n s u r f a c e , t h e i n e l a s t i c d i s t r i b u t i o n s w e r e c o m ­
p a r e d w i t h L E E D p a t t e r n s c o r r e s p o n d i n g t o v a r i o u s c o v e r a g e s o f o x y ­
g e n , a n d i t w a s o b s e r v e d t h a t t h e i n t e n s i t y o f t h e p e a k i n c r e a s e d w i t h 
c o v e r a g e . T h e s i g n i f i c a n c e o f t h i s s m a l l b u t d e f i n i t e c h a n g e i n t h e 
A u g e r d i s t r i b u t i o n m a y b e r e a l i z e d b y n o t i n g , as p r e v i o u s l y s t a t e d , 
t h a t t h e L E E D p a t t e r n s f o r t h e c l e a n t u n g s t e n ( 1 1 0 ) s u r f a c e a n d t h e 
s u r f a c e w i t h a f u l l m o n o l a y e r o f a d s o r b e d o x y g e n a r e e s s e n t i a l l y t h e 
s a m e a n d c a n n o t b e u s e d t o d i s t i n g u i s h b e t w e e n t h e t w o c o n d i t i o n s ; 
t h e 7 e v p e a k i n t h e s e c o n d a r y d i s t r i b u t i o n , o n t h e o t h e r h a n d , c l e a r l y 
d i s t i n g u i s h e s t h e c l e a n a n d o x y g e n c o v e r e d s u r f a c e s a n d c a n b e u s e d 
w i t h L E E D p a t t e r n s as a n a d d i t i o n a l c r i t e r i o n f o r c h a r a c t e r i z i n g t h e 
t u n g s t e n s u r f a c e . 
T h e i n t e r p r e t a t i o n o f t h e o x y g e n p e a k i n t h e s e c o n d a r y d i s t r i ­




2 0 (ev) 
F i g u r e 14 . T r u e S e c o n d a r y P e a k f o r 130 V o l t P r i m a r y E l e c t r o n s 
S h o w i n g t h e E f f e c t o f A d s o r b e d O x y g e n o n t h e 
S u b s i d i a r y M a x i m a . 
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a d s o r b e d i o n as d i s c u s s e d b y H a g s t r u m a n d as d e s c r i b e d b r i e f l y i n 
C h a p t e r I I . T h i s p r o c e s s i s s i m i l a r t o A u g e r e m i s s i o n f r o m t h e s o l i d 
e x c e p t t h a t l e v e l s o f t h e o x y g e n a r e c o n s i d e r e d i n a d d i t i o n t o t h e t u n g ­
s t e n l e v e l s f o r e x p l a i n i n g t h e e n e r g i e s o f t h e e m i t t e d e l e c t r o n s . A 
c o m p l i c a t i o n i s i n t r o d u c e d i n t h a t i n t e r p r e t a t i o n s m u s t i n v o l v e d e t a i l s 
o f t h e a d s o r p t i o n b o n d w h i c h h a v e n o t b e e n c o n s i d e r e d . T h e s e e x p e r i ­
m e n t a l d a t a a r e t h u s p r e s e n t e d w i t h o u t f u r t h e r e x p l a n a t i o n f o r t h e p u r ­
p o s e o f d e m o n s t r a t i n g t h e s e n s i t i v i t y o f t h e s e i n e l a s t i c f e a t u r e s t o 
c h a n g e s i n t h e c o n d i t i o n s a t t h e s u r f a c e . 
A s a l r e a d y p o i n t e d o u t , t h e c a r b o n p r e s e n t as a b u l k i m p u r i t y i n 
a n e w t u n g s t e n c r y s t a l t e n d s t o d i f f u s e t o w a r d t h e s u r f a c e a t e l e v a t e d 
t e m p e r a t u r e s . T h i s r e s u l t s i n a n o r d e r e d l a y e r o f c a r b o n o n t h e s u r f a c e 
a n d a n a c c u m u l a t i o n o f c a r b o n b e l o w t h e s u r f a c e . T h i s s u r f a c e c a r b o n 
g i v e s r i s e t o a s o m e w h a t m o r e p r o n o u n c e d c h a n g e i n t h e s e c o n d a r y 
d i s t r i b u t i o n a s s h o w n i n F i g . 15 . T h i s c u r v e w a s o b t a i n e d f o r t h e ( 1 1 0 ) 
s u r f a c e u s i n g 2 2 0 v o l t p r i m a r y e l e c t r o n s . T h e p r e s e n c e o f t h e c a r b o n 
s t r u c t u r e i s c h a r a c t e r i z e d b y t h e L E E D p a t t e r n i n c l u d e d i n t h e f i g u r e 
w h i c h w a s d i s c u s s e d i n t h e p r e v i o u s c h a p t e r . T h e c a r b o n p e a k i n t h e 
d i s t r i b u t i o n o c c u r s a t 19 e v a n d c o m p l e t e l y d o m i n a t e s t h e t r u e s e c o n d ­
a r y d i s t r i b u t i o n . T h e s u r f a c e c a r b o n i s e f f e c t i v e l y r e m o v e d b y e x p o s ­
i n g t h e s a m p l e t o o x y g e n a n d h e a t i n g , b u t t h e c a r b o n a f e w l a y e r s b e l o w 
t h e s u r f a c e s e e m s t o b e l i t t l e d i s t u r b e d . A f t e r t h e c l e a n i n g p r o c e d u r e , 
t h e L E E D p a t t e r n s o b s e r v e d a r e t h o s e c h a r a c t e r i s t i c o f t h e c l e a n t u n g -
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ENERGY E (ev) F i g u r e 15 . T r u e S e c o n d a r y P e a k S h o w i n g t h e E f f e c t o f S u r f a c e C a r b o n C o n t a m i n a t i o n , as E v i d e n c e d b y t h e L E E D 
P a t t e r n . 2 2 0 V o l t P r i m a r y E l e c t r o n s . 
129 
s t e n ( 1 1 0 ) s u r f a c e . T h e r e a r e no e x t r a r e f l e c t i o n s t h a t m i g h t i n d i c a t e 
t h e p r e s e n c e o f c a r b o n b e l o w t h e s u r f a c e , e v e n f o r e l e c t r o n e n e r g i e s 
as h i g h a s 3 5 0 e v . O n e m i g h t t h e n c o n c l u d e t h a t t h e t u n g s t e n l a t t i c e n e a r 
t h e s u r f a c e i s f r e e o f c a r b o n o r t h a t t h e c a r b o n i s p r e s e n t b u t r a n d o m l y 
d i s t r i b u t i o n . L E E D p a t t e r n s c a n n o t b e u s e d t o r e s o l v e t h e q u e s t i o n . 
A f t e r r e p e a t e d c l e a n i n g o f t h e t u n g s t e n s u r f a c e b y t h e p r o c e d u r e 
d e s c r i b e d i n C h a p t e r I I I , a s e q u e n c e o f e n e r g y d i s t r i b u t i o n s w a s o b t a i n e d 
f o r i n c i d e n t b e a m e n e r g i e s r a n g i n g f r o m 50 t o 350 e v . T h e l o w - e n e r g y 
s e c o n d a r y r e g i o n s o f s o m e o f t h e s e c u r v e s a r e d i s p l a y e d i n F i g . 16 . 
T h e A u g e r s p e c t r a f o r i n c i d e n t e l e c t r o n s w i t h e n e r g i e s b e l o w 2 0 0 e v a n d 
t h e L E E D p a t t e r n s i n d i c a t e d t h a t t h e s u r f a c e w a s c l e a n . H o w e v e r , t h e 
s t e a d y b u i l d u p o f t h e 19 e v A u g e r p e a k ( t h e p e a k p r e v i o u s l y n o t e d t o b e 
c h a r a c t e r i s t i c o f t h e c a r b o n i m p u r i t y ) w i t h i n c r e a s i n g i n c i d e n t e l e c t r o n 
e n e r g y a n d c o r r e s p o n d i n g l y i n c r e a s i n g p e n e t r a t i o n i n d i c a t e s t h e p o s s i ­
b i l i t y o f c o n s i d e r a b l e c a r b o n s e v e r a l l a y e r s b e l o w t h e s u r f a c e . A f t e r 
e x t e n s i v e h e a t i n g a t t e m p e r a t u r e s a b o v e 2 3 0 0 ° C a n d s u b s e q u e n t c l e a n i n g 
o f t h e s u r f a c e , t h e p e a k a t 19 e v d i s a p p e a r e d . I t i s t h o u g h t t h a t t h e 
c o n c e n t r a t i o n o f c a r b o n w a s b u i l t u p b y h o u r s o f h e a t i n g t o t e m p e r a t u r e s 
a r o u n d 1 0 0 0 ° C a n d t h a t a t v e r y h i g h t e m p e r a t u r e s t h e c a r b o n d i f f u s e d t o 
t h e s u r f a c e a n d w a s r e m o v e d b y e x p o s u r e t o o x y g e n . T h e m a i n p o i n t t o 
b e m a d e i s t h a t t h e A u g e r d i s t r i b u t i o n s c o u l d be u s e d t o d e t e c t t h e p r e s ­
e n c e o f t h e c a r b o n w h i c h d i d n o t s h o w u p i n t h e L E E D p a t t e r n s , p r e s u m ­
a b l y b e c a u s e t h e c a r b o n w a s r a n d o m l y d i s t r i b u t e d i n t h e t u n g s t e n l a t t i c e . 
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F i g u r e 16 . S e q u e n c e o f T r u e S e c o n d a r y E n e r g y D i s t r i b u t i o n 
C u r v e s S h o w i n g B u i l d U p o f A u g e r P e a k a t 19 e v 
w i t h I n c r e a s i n g P r i m a r y E n e r g y f o r T u n g s t e n 
w i t h C a r b o n n e a r t h e S u r f a c e . 
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C O N C L U S I O N S A N D R E C O M M E N D A T I O N S 
T h e m a i n r e s u l t s o f t h i s i n v e s t i g a t i o n m a y b e s u m m a r i z e d a s 
f o l l o w s . T h e e l a s t i c a n d i n e l a s t i c s c a t t e r i n g o f s l o w e l e c t r o n s f r o m 
s o l i d s u r f a c e s h a s b e e n r e v i e w e d ; t h e v a r i o u s s c a t t e r i n g m e c h a n i s m s 
a n d t h e i r i n t e r r e l a t i o n s h i p s h a v e b e e n i d e n t i f i e d w i t h e m p h a s i s o n t h e 
i n t e r p r e t a t i o n o f e x p e r i m e n t a l d a t a . A p p a r a t u s h a s b e e n d e v e l o p e d 
w h i c h c a n b e u s e d t o o b t a i n b o t h L E E D p a t t e r n s a n d s e c o n d a r y e l e c ­
t r o n e n e r g y d i s t r i b u t i o n s f r o m t h e s a m e e x p e r i m e n t a l s u r f a c e s . 
L E E D p a t t e r n s f r o m t h e t u n g s t e n ( 1 1 0 ) s u r f a c e h a v e b e e n u s e d a l o n g 
w i t h m a s s s p e c t r a f o r d e s o r b e d s p e c i e s t o i d e n t i f y p r e v i o u s l y r e ­
p o r t e d t w o - d i m e n s i o n a l a d s o r p t i o n s t r u c t u r e s f o r t h i s s u r f a c e o f 
t u n g s t e n . F e a t u r e s i n t h e s e c o n d a r y e l e c t r o n e n e r g y d i s t r i b u t i o n s 
h a v e b e e n e x p l a i n e d i n t e r m s o f c o l l e c t i v e e x c i t a t i o n s , u m k l a p p 
p r o c e s s e s a n d A u g e r e m i s s i o n . T h e s e e n e r g y d i s t r i b u t i o n s h a v e 
b e e n c o m p a r e d w i t h L E E D p a t t e r n s c o r r e s p o n d i n g t o k n o w n a d s o r p ­
t i o n s t a t e s f o r t h e ( 1 1 0 ) t u n g s t e n s u r f a c e t o d e t e r m i n e t h e e f f e c t s o f 
c h a n g e s i n s u r f a c e c o n d i t i o n s o n t h e s e d i s t r i b u t i o n s . F i n a l l y , t h e 
A u g e r d i s t r i b u t i o n s h a v e b e e n u s e d t o d e t e c t i m p u r i t i e s o n o r n e a r 
t h e s u r f a c e w h i c h c o u l d n o t b e d e t e c t e d b y L E E D t o d e m o n s t r a t e t h e 
p o t e n t i a l u s e f u l n e s s of t h e i n e l a s t i c s c a t t e r i n g as a t o o l f o r s u r f a c e 
132 
s t u d i e s c o m p l e m e n t a r y t o L E E D . T h e s e m e t h o d s , r e s u l t s a n d i n t e r ­
p r e t a t i o n s h a v e a l s o b e e n d e s c r i b e d i n s e v e r a l p u b l i c a t i o n s b y T h a r p 
. „ , ., 8 1 - 8 3 
a n d b c h e i b n e r . 
A m o r e q u a n t i t a t i v e e x p e r i m e n t a l a n a l y s i s o f s o m e f e a t u r e s i n 
t h e e n e r g y d i s t r i b u t i o n s w a s p r e c l u d e d b y a n i n h e r e n t l i m i t a t i o n i n 
e n e r g y r e s o l u t i o n a n d b y t h e f a c t t h a t m e a s u r e m e n t s c o u l d n o t b e m a d e 
a t d i s c r e t e p o i n t s i n t h e p a t t e r n . T h e s e p r o b l e m s a r e c u r r e n t l y b e i n g 
o v e r c o m e i n a r e v i s e d v e r s i o n o f t h e i n s t r u m e n t a t i o n w h i c h c o m b i n e s 
w i t h L E E D a h i g h - r e s o l u t i o n e l e c t r o n s p e c t r o m e t e r , a n d e x p e r i m e n t a l 
m e a s u r e m e n t s c a n e a s i l y be e x t e n d e d t o a n g u l a r d i s t r i b u t i o n s a n d s t u d ­
i e s o f e x c i t a t i o n l i f e t i m e s . O t h e r p r o b l e m s w h i c h h a v e b e e n s u g g e s t e d 
d u r i n g t h i s r e s e a r c h a n d w h i c h h a v e n o t r e c e i v e d a d e q u a t e t r e a t m e n t 
a r e m e n t i o n e d b e l o w . 
T h e e l a s t i c d i f f r a c t i o n o f s l o w e l e c t r o n s h a s n o t b e e n d e s c r i b e d 
e x a c t l y , a l t h o u g h e x p l a n a t i o n s o f p o s i t i o n s o f r e f l e c t i o n s i n L E E D p a t ­
t e r n s c a n f r e q u e n t l y b e m a d e as d i s c u s s e d a b o v e . A t p r e s e n t t h e r e ­
s u l t s o f t h e m o r e r e c e n t t h e o r e t i c a l d e v e l o p m e n t s a r e n o t e a s i l y a c c e s ­
s i b l e t o e x p e r i m e n t a l i s t s b e c a u s e o f m a t h e m a t i c a l c o m p l e x i t i e s a n d b e ­
c a u s e o f a l a c k o f u n i f o r m i t y i n n o t a t i o n . A c a r e f u l r e v i e w o f t h e s e 
m e t h o d s i s n e e d e d w h i c h p e r h a p s p r o c e e d s f r o m s i m p l e p h y s i c a l c o n ­
c e p t s t o a c o h e r e n t d e v e l o p m e n t o f t h e o r e t i c a l m o d e l s w h i c h m a y n o t 
b e e x a c t , b u t w h i c h a r e n o w r e c o g n i z e d as b e i n g p o t e n t i a l l y q u i t e u s e ­
f u l f o r a n a l y z i n g e x p e r i m e n t a l d a t a . 
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R a p i d a d v a n c e s i n t h e e x p e r i m e n t a l t e c h n i q u e s d e v e l o p e d i n 
L E E D s t u d i e s a n d n o w u s e d t o i n v e s t i g a t e a v a r i e t y o f a d s o r b a t e -
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s u b s t r a t e c o m b i n a t i o n s h a v e b e e n m a d e a s i n d i c a t e d b y L a n d e r . 
H o w e v e r , t h e d e t a i l s o f p r o c e d u r e s f o r p r e p a r i n g s a m p l e s a n d p r o d u c ­
i n g a t o m i c a l l y c l e a n s u r f a c e s o r k n o w n a d s o r p t i o n s t r u c t u r e s a r e n o t 
g e n e r a l l y i n c l u d e d i n p u b l i c a t i o n s a l t h o u g h t h e s e t e c h n i q u e s m a y b e o f 
g r e a t p r a c t i c a l i m p o r t a n c e . 
T h e c o n n e c t i o n b e t w e e n t h e i n e l a s t i c s c a t t e r i n g m e c h a n i s m s a n d 
d i f f r a c t i o n i n t e n s i t i e s f o r s l o w e l e c t r o n s h a s b e e n r e c o g n i z e d as s i g n i f i -
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c a n t , b u t e v e n t h e m o r e e x a c t t r e a t m e n t s c o n s i d e r t h e s e i n e l a s t i c 
e f f e c t s o n l y i n a n a v e r a g e m a n n e r a s a n e f f e c t i v e a b s o r p t i o n o r i g n o r e 
t h e m e n t i r e l y . A s t u d y i n d e p t h o f t h e d e p e n d e n c e o f d i f f r a c t i o n i n t e n ­
s i t i e s o n t h e s e i n e l a s t i c p r o c e s s e s w o u l d , t h e r e f o r e , b e a p p r o p r i a t e , 
p a r t i c u l a r l y i n v i e w o f t h e d e t a i l e d u n d e r s t a n d i n g o f t h e i n e l a s t i c m e c h a ­
n i s m s w h i c h i s n o w b e i n g o b t a i n e d s t u d y i n g s u r f a c e s c o m p a r a b l e t o t h o s e 
u s e d i n L E E D i n v e s t i g a t i o n s . 
I n t e r b a n d t y p e t r a n s i t i o n s a n d p l a s m o n r e s o n a n c e s h a v e u s u a l l y 
b e e n t r e a t e d i n d e p e n d e n t l y , a l t h o u g h t h e s e p r o c e s s e s a r e f o r s o m e m a t e ­
r i a l s s t r o n g l y c o u p l e d . I n s u c h a c a s e t h e p l a s m o n f r e q u e n c y i s s h i f t e d 
s i g n i f i c a n t l y b e c a u s e o f i n t e r b a n d t r a n s i t i o n s , w i t h t h e r e s u l t t h a t i n t e r ­
p r e t a t i o n s o f e n e r g y l o s s d a t a m a y b e c o m e q u i t e d i f f i c u l t . T h i s i s p a r t i ­
c u l a r l y t r u e f o r t h e f i r s t t r a n s i t i o n s e r i e s m e t a l s f o r w h i c h t h e r e i s n o 
s a t i s f a c t o r y t h e o r e t i c a l f o r m u l a t i o n . I n t e r p r e t a t i o n s f o r s a m p l e s e x h i b i t -
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ing t h i s c o u p l i n g a r e f a c i l i t a t e d by c o n s i d e r i n g the e n e r g y l o s s f u n c t i o n 
o b t a i n e d f r o m o p t i c a l r e f l e c t i v i t y d a t a . N o r m a l l y , h o w e v e r , o p t i c a l 
d a t a f r o m w e l l d e f i n e d s u r f a c e s a r e not a v a i l a b l e , and it w o u l d b e d e ­
s i r a b l e t o m a k e b o t h e l e c t r o n s c a t t e r i n g and o p t i c a l m e a s u r e m e n t s on 
the s a m e s u r f a c e s f o r c o m p a r i s o n . A t h o r o u g h s t u d y of t h i s c o u p l i n g 
w o u l d r e q u i r e l o o k i n g at a n u m b e r of e x p e r i m e n t a l s a m p l e s s e l e c t e d to 
d i s p l a y a s h i f t e d p l a s m a f r e q u e n c y f o r k n o w n i n t e r b a n d t r a n s i t i o n s ; 
t h e s e s a m p l e s w o u l d i n c l u d e m e t a l s e x h i b i t i n g p h a s e t r a n s i t i o n s , l i q u i d 
m e t a l s and a l l o y s w i t h v a r y i n g c o m p o s i t i o n s . 
T h e e x i s t e n c e of a s u r f a c e p l a s m o n w a s f i r s t s u g g e s t e d b y R i t -
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c h i e in c a l c u l a t i o n s b a s e d on the d i e l e c t r i c m o d e l for a m e t a l f o i l . 
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F u r t h e r d i s c u s s i o n w a s g i v e n b y S t e r n and F e r r e l l f o r the c a s e of a 
s u r f a c e b o u n d e d b y a d i e l e c t r i c m e d i u m , but m o s t of the t h e o r e t i c a l i n ­
v e s t i g a t i o n s of c o l l e c t i v e e x c i t a t i o n s h a v e d e a l t m a i n l y w i t h bulk p l a s -
m o n s . T h e d i e l e c t r i c t h e o r y i s i m p o r t a n t b e c a u s e it b r i n g s t o g e t h e r 
the p l a s m o n e x c i t a t i o n s and i n t e r b a n d t r a n s i t i o n s . H o w e v e r , the a g r e e ­
m e n t of t h e o r e t i c a l p r e d i c t i o n s for t h e s u r f a c e p l a s m o n w i t h e x p e r i m e n ­
t a l d a t a i s at b e s t q u a l i t a t i v e , and a m o r e e x a c t d e s c r i p t i o n of t h i s s u r ­
f a c e e f f e c t i s n e e d e d . 
I n t e r b a n d t r a n s i t i o n s o c c u r in w h i c h m o m e n t u m i s c o n s e r v e d in 
the t w o - b o d y i n t e r a c t i o n w i t h e l e c t r o n s in a p a r t i c u l a r band e x c i t e d to 
u n o c c u p i e d l e v e l s in t h e s a m e b a n d o r in h i g h e r l y i n g b a n d s in any of 
t h e B r i l l o u i n z o n e s . S i m i l a r t r a n s i t i o n s , d e s i g n a t e d a s u m k l a p p p r o c -
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e s s e s , a l s o o c c u r i n w h i c h m o m e n t u m i s n o t c o n s e r v e d i n t h e t w o - b o d y 
i n t e r a c t i o n ; r a t h e r , t h e r e i s a n e x c h a n g e o f m o m e n t u m w i t h t h e l a t t i c e 
as a w h o l e , a n d t h e m o m e n t u m c o n s e r v a t i o n l a w i n c l u d e s t h e r e c i p r o c a l 
l a t t i c e v e c t o r . T h e s e t w o d i f f e r e n t c l a s s e s o f t r a n s i t i o n s a r e n o t g e n e r ­
a l l y d i f f e r e n t i a t e d i n e x p e r i m e n t a l d a t a , a l t h o u g h d e t a i l s o f t h e s c a t ­
t e r e d d i s t r i b u t i o n s s h o u l d be q u i t e d i f f e r e n t f o r t h e t w o c a s e s . C l a r i f y ­
i n g t h e d i s t i n c t i o n b e t w e e n t h e s e p r o c e s s e s w o u l d r e q u i r e c a r e f u l m e a s ­
u r e m e n t s o f t h e a n g u l a r d i s t r i b u t i o n s o f s c a t t e r e d i n t e n s i t i e s . T h e s e 
m e a s u r e m e n t s w o u l d a l s o b e u s e f u l f o r e x p l o r i n g s o m e a s p e c t s o f t h e 
b a n d s t r u c t u r e o f t h e s a m p l e s c o n s i d e r e d . 
I n t h e c a s e o f b a c k - r e f l e c t i o n t y p e s c a t t e r i n g e x p e r i m e n t s , i t 
h a s b e e n s h o w n t h a t t w o s c a t t e r i n g e v e n t s a r e u s u a l l y r e q u i r e d i n o r d e r 
f o r t h o s e e l e c t r o n s u n d e r g o i n g c h a r a c t e r i s t i c l o s s e s t o be d e t e c t e d . T h e 
s e q u e n c e o f t h e s e s c a t t e r i n g e v e n t s c a n h a v e a p r o n o u n c e d e f f e c t o n t h e 
a n g u l a r d i s t r i b u t i o n o f t h e c o l l e c t e d e l e c t r o n s a n d c a n b e d e t e r m i n e d 
r e a d i l y b y c a r e f u l m e a s u r e m e n t s o f t h e s e d i s t r i b u t i o n s . 
I n m e a s u r e m e n t s o f c h a r a c t e r i s t i c l o s s e s f o r h i g h - e n e r g y e l e c ­
t r o n s t h e p r o b l e m o f e x c i t a t i o n t h r e s h o l d i s n o t e n c o u n t e r e d . M o r e ­
o v e r , t h e o r e t i c a l c a l c u l a t i o n s o f e x c i t a t i o n p r o b a b i l i t i e s f o r t h e s e p r o c ­
e s s e s d o n o t t a k e s u c h a t h r e s h o l d f o r e x c i t a t i o n i n t o a c c o u n t . H o w e v e r , 
f o r l o w - e n e r g y i n c i d e n t e l e c t r o n s , a t h r e s h o l d i s o b s e r v e d , a n d t h e t h e ­
o r i e s m u s t b e e x t e n d e d t o d e s c r i b e d t h i s e f f e c t . 
O t h e r e n e r g y l o s s e s w h i c h m a y b e i m p o r t a n t i n d e s c r i b i n g t h e 
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s c a t t e r i n g o f s l o w e l e c t r o n s i n c l u d e e l e c t r o n - p h o n o n i n t e r a c t i o n s a n d 
e l e c t r o n e x c i t a t i o n s o f v i b r a t i o n a l s t a t e s o f g a s e s a d s o r b e d o n t h e s u r -
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f a c e . T h e l a t t e r e x c i t a t i o n s , w h i c h h a v e b e e n r e p o r t e d b y P r o p s t , 
a r e i m p o r t a n t as a p o s s i b l e m e a n s o f c h r a c t e r i z i n g t h e s u r f a c e w i t h 
r e g a r d t o t h e n a t u r e o f a d s o r b e d s p e c i e s . 
T h e d i s t r i b u t i o n o f s e c o n d a r y e l e c t r o n s e m i t t e d f r o m t h e s o l i d 
as a r e s u l t o f m u l t i p l e i n e l a s t i c p r o c e s s e s h a s b e e n m u c h d i s c u s s e d , 
b u t c o n t r i b u t i o n s t o t h e s e d i s t r i b u t i o n s r e s u l t i n g f r o m b u l k a n d s u r f a c e 
p l a s m o n r e s o n a n c e s h a v e n o t g e n e r a l l y b e e n i n c l u d e d . T h e r e f o r e , a 
t h e o r e t i c a l s u m m a r y o f t h e s e c o n t r i b u t i o n s a n d c a r e f u l m e a s u r e m e n t s 
o f e n e r g y a n d a n g u l a r d i s t r i b u t i o n s f o r s l o w i n c i d e n t e l e c t r o n s s h o u l d 
b e c a r r i e d o u t f o r m e t a l s a n d s e m i c o n d u c t o r s . 
D i s c r e t e p r o c e s s e s g i v i n g r i s e t o s u b s i d i a r y m a x i m a i n t h e 
s e c o n d a r y d i s t r i b u t i o n h a v e b e e n e x p l a i n e d q u a l i t a t i v e l y . T h e s e m a x ­
i m a i n c l u d e e l e c t r o n s e m i t t e d as a r e s u l t o f u m k l a p p p r o c e s s e s a n d 
A u g e r e l e c t r o n s ; t h e l a t t e r a r e p a r t i c u l a r l y s i g n i f i c a n t b e c a u s e o f t h e 
c o n n e c t i o n w i t h t r a n s i t i o n d e n s i t i e s i n t h e s o l i d . 
I n t h e p r e p a r a t i o n o f t h i s d i s s e r t a t i o n , s e v e r a l a s p e c t s o f t h e 
e l e c t r o n s c a t t e r i n g p r o b l e m w e r e s u r v e y e d , a n d t h e u s e f u l n e s s o f 
e l e c t r o n s c a t t e r i n g as a t o o l f o r s u r f a c e s t u d i e s w a s d e m o n s t r a t e d . 
H o w e v e r , m a n y t h e o r e t i c a l a n d e x p e r i m e n t a l p r o b l e m s r e m a i n , a n d 
r e s e a r c h i n t h e a r e a s s u g g e s t e d a b o v e w o u l d s e r v e t o f u r t h e r c l a r i f y 
t h e n a t u r e o f e l e c t r o n i n t e r a c t i o n s w i t h s o l i d s . 
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A P P E N D I X A 
T H E C O M P L E X D I E L E C T R I C C O N S T A N T 
T h e i n t e r a c t i o n o f c h a r g e d p a r t i c l e s w i t h a d e g e n e r a t e e l e c t r o n 
g a s c a n be t r e a t e d b y c o n s i d e r i n g t h e c o m p l e x d i e l e c t r i c c o n s t a n t o f 
s u c h a s y s t e m a s d i s c u s s e d b y L i n d h a r d , ^ H u b b a r d ^ ^ a n d R i t c h i e . 
B e c a u s e o f t h e i m p o r t a n c e o f t h e f r e q u e n c y - a n d w a v e v e c t o r - d e p e n d e n t 
c o m p l e x d i e l e c t r i c c o n s t a n t t o t h e p r e s e n t w o r k , a d e r i v a t i o n o f t h i s 
q u a n t i t y i s p r e s e n t e d b e l o w . F o l l o w i n g R i t c h i e ' s d e v e l o p m e n t , t h e 
s o l i d i s t r e a t e d as a n e u t r a l p l a s m a , c o n s i s t i n g o f a u n i f o r m p o s i t i v e 
b a c k g r o u n d ( c o r r e s p o n d i n g t o t h e i o n c o r e s ) a n d a g a s o f e l e c t r o n s 
m o v i n g i n a c o m m o n e l e c t r i c f i e l d t o w h i c h t h e y a l l g i v e r i s e . 
T h e w a v e e q u a t i o n o f a s y s t e m o f e l e c t r o n s a n d a n i n c i d e n t p a r ­
t i c l e o f c h a r g e + Z e c a n b e w r i t t e n 
( A - 1 ) 
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w h e r e r . , m a n d R, M a r e t h e p o s i t i o n v e c t o r s a n d m a s s e s o f t h e i t h 
1 
e l e c t r o n a n d i n c i d e n t p a r t i c l e r e s p e c t i v e l y . I n w r i t i n g t h i s H a m i l t o n i a n , 
57 
t h e e l e c t r i c c h a r g e n e u t r a l i t y o f t h e s o l i d h a s b e e n t a k e n i n t o a c c o u n t . 
A s s u m e t h a t t h e s y s t e m w a v e f u n c t i o n Y c a n h e e x p r e s s e d as a p r o d u c t 
o f t h e i n d i v i d u a l p a r t i c l e w a v e f u n c t i o n s , 
F r o m E q . ( A - l ) n o t e t h a t Y i s s e p a r a b l e i n i t s s p a c i a l a n d t i m e d e p e n d ­
e n c e so t h a t t h i s e q u a t i o n c a n b e w r i t t e n 
w i t h Y d e p e n d i n g o n l y o n s p a c i a l v a r i a b l e s . A s s u m e f u r t h e r t h a t t h e 
s p a c i a l p a r t o f Y c a n b e w r i t t e n as a p r o d u c t o f t h e f o r m ( A - 2 ) w i t h 
o n l y s p a c i a l p a r t s o f t h e s i n g l e - p a r t i c l e f u n c t i o n s c o n s i d e r e d . T h e 
H a r t r e e e q u a t i o n s c a n n o w b e o b t a i n e d b y a p p l y i n g t h e v a r i a t i o n a l 
p r i n c i p a l t o t h e H a m i l t o n i a n o f E q . ( A - l ) a n d r e q u i r i n g t h a t t h e s e 
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w a v e f u n c t i o n s b e s u c h as t o m a k e t h e a v e r a g e e n e r g y s t a t i o n a r y . 
Y = ^ i R ( R , t ) I L ^ ^ t ) . ( A - 2 ) 
= E Y , ( A - 3 ) 
T h e a v e r a g e v a l u e o f t h e H a m i l t o n i a n i s g i v e n b y 
( A - 4 ) 
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T h e i n t e g r a t i o n i s o v e r t h e s p a c i a l c o o r d i n a t e s o f a l l p a r t i c l e s . E v a l u ­
a t i n g t e r m b y t e r m o n e g e t s 
<K) - J J + * f . + . d ; i + 1 / 2 l l J J i t + j g ^ + . + . d ; . ^ . ( A - 5 ) 
i j 
+
 1LV R V 2 m R / T R 
w h e r e L a n d g _ a r e d e f i n e d b y t h e e q u a t i o n s 
f. = - -J v. 
i 2 m i 
V 2 - Z e 2 
R 
| R - r . | 
d R , (A-6a) 




D e f i n e t h e f u n c t i o n I b y 
(A-7) 
t h e \ ' s b e i n g t h e u n d e t e r m i n e d m u l t i p l i e r s . T h e v a r i a t i o n a l p r i n c i p l e 
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i s n o w a p p l i e d t o I , r e q u i r i n g 
61 = I ( \|r. + 6 f . ) - I ( UJ. ) = ( A - 8 ) 
T h i s g u a r a n t e e s s t a t i o n a r y v a l u e s o f (K) a n d m a i n t a i n s n o r m a l i z e d 
w a v e f u n c t i o n s u n d e r t h e v a r i a t i o n . C o n s i d e r t h e c a s e o f 6ILT. = 0 , 
L 
i ^ t a n d | ^ 0 . M a k i n g t h e p r o p e r s u b s t i t u t i o n s o n e o b t a i n s 
61 < ( V V h d \ +1 * I ( V hHhd'Ti (A"9) 
+
 I J 
j 7^ 
N WJ6^D~RJ d v ° 
U s i n g H e r m i t i a n p r o p e r t y o f f , t h i s e q u a t i o n c a n be w r i t t e n 
6 1
 = J < { ( W + I I •*g*j*jD'RJ}*A (A-10) 
+ c o m p l e x c o n j u g a t e = 0 
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As the variation 6^ is arbitrary, this last equation is satisfied by set-
ting the part written explicitly equal to zero, in which case the complex 
>;< 
conjugate is also zero. Finally, for arbitrary 6^ , the value of the in-
tegral is zero only if the integrand vanishes at every point, and one has 
, r - r. J r -R 
(A- l l ) 
These are the Hartree equations, with one such equation for each value 
of T. The undetermined multipliers \ have the form of energy eigen-
values for single-particle states. However, it should be noted that the 
X 's are not measurable quantities and that a sum of the X 1 s over all 
particles is much larger than the true system energy. ^ In any case, 
the can be treated as separable functions in space and time, and 
Eq. (A- l l ) can be written 
r - r. 
I J 
dr. - Ze 2 Rl 
r -R 
I 
D R } ^ = ^ T-
_3_ 
St "I (A-12) 
where ^ ( r , t) = ,jr (r^ ) exp(-i J ft ) 
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D e f i n e t h e p o t e n t i a l $ b y 
2 I .1. 12 $ ( r , t ) = - e ) d r . + Z e d R . ( A - 1 3 ) 
• / I R -
 R
-1 " ~ I R - r I 
E q u a t i o n ( A - 1 2 ) c a n n o w b e w r i t t e n 
{ - - £ ' * - } V f " •H i W • (A-14) 
N o t e t h a t $ s a t i s f i e s t h e P o i s s o n ' s e q u a t i o n 
V t ^ ( V t ) = 4neI l*jl a-r.= ; - 4 n Z e ' * R | a s = ; • ( A - 1 5 ) 
"i -Jt -  R = r 
a s c a n b e s h o w n d i r e c t l y u s i n g t h e r e l a t i o n s h i p 
y2 i = _4tt6(X-X/)- (A-16) 
| X - X ' J 
§ i s t h e s e l f - c o n s i s t e n t p o t e n t i a l a c t i n g o n t h e £ t h e l e c t r o n a n d i s e x -
p r e s s e d a s t h a t s o l u t i o n o f P o i s s o n ' s e q u a t i o n w h i c h a r i s e s f r o m t h e 
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charge densities of all electrons in the medium except the £ th electron itself. It is desired, however, to have a single potential in which all particles move and to which they all give rise, and the effect of the £th 
electron on itself must therefore be included. The field thus obtained is correct only in as much as the addition of one electron to a system 23 3 in which the average electron density is ~ 10 electrons per cm 
85 
should not appreciably change the self-consistent potential. Drop­ping the subscript £ and allowing the sum to include the £ th electron, Equation (A-15) becomes 
point r . Consider the Fourier expansion of an arbitrary function of space 
and time given by 
(A-17) J 
In this last expression the functions ^ , and § are evaluated at the 
f(r,t) (A-18a) 
with f.- 1 -i(k • r + ujt)
 d; dt . (A-18b) k,uj L3T J J f (r, t) e 
1 4 4 
f ( r , t ) i s a s s u m e d t o b e d e f i n e d i n a l a r g e c u b e o f s i d e L a n d i n a t i m e T 
l o n g c o m p a r e d w i t h e l e c t r o n i c p e r i o d s t o b e c o n s i d e r e d . E q u a t i o n ( A - 1 7 ) 
c a n t h e n b e w r i t t e n i n t h e F o u r i e r r e p r e s e n t a t i o n as 
k 2 $ - = - 4 n e V I ^. | 2 + 4 n Z e U | 2 . ( A - 1 9 ) 
K
»uu k, uu 
J 
N o t i n g t h a t t h e t e r m p = - e \ | n/. | 2 r e p r e s e n t s a p o l a r i z a t i o n 
^
 J
 k , uu 
c h a r g e d e n s i t y r e l a t e d t o t h e e l e c t r i c f i e l d i n t h e p l a s m a , t h e f r e q u e n c y -
a n d w a v e v e c t o r - d e p e n d e n t c o m p l e x d i e l e c t r i c c o n s t a n t c a n b e d e f i n e d i n 
d i r e c t a n a l o g y w i t h c l a s s i c a l i d e a s b y t h e e q u a t i o n 
ek.u,ka*k.u, =
 4 n Z e l * R ! 2 k > U J - < A- 2°) 
I t s h o u l d b e p o i n t e d o u t t h a t , a l t h o u g h t h e c o m p l e x d i e l e c t r i c c o n s t a n t 
e x h i b i t s a d i r e c t d e p e n d e n c e o n k a n d a), t h e d e p e n d e n c e o n t h e r e l a t e d 
r e a l s p a c e - t i m e v a r i a b l e s i s n o t g e n e r a l l y o b v i o u s , m a k i n g F o u r i e r 
s p a c e t h e n a t u r a l s p a c e o f d e f i n i t i o n f o r t h i s q u a n t i t y . C o m b i n i n g E q s . 
( A - 1 9 ) a n d ( A - 2 0 ) o n e o b t a i n s t h e r e s u l t 
* T h e p o l a r i z a t i o n c h a r g e d e n s i t y i s d e r i v e d f r o m t h e i n d u c e d p o l a r i z a ­
t i o n P ; p= - v « P . A s u s u a l , P i s a s s u m e d p r o p o r t i o n a l t o t h e e l e c t r i c 
f i e l d E , w h i c h , i n t u r n , i s r e l a t e d t o t h e p o t e n t i a l $ . T h u s , P = 
a n d p = \ V2 $ , w h e r e i s t h e e l e c t r i c s u s c e p t i b i l i t y . F i n a l l y , i n t h e 
F o u r i e r r e p r e s e n t a t i o n o n e h a s p- = - x f ^ m a k i n g E q . ( A - 2 0 ) 
o b v i o u s f o r e a n d r e l a t e d b y
 e = { + 4 t t ^ . ' W 
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( e r - l ) k s $ - = 4TTeVU. |3 . ( A - 2 1 ) k , a) k , a) A J k , u  
T h i s e q u a t i o n c a n b e s o l v e d f o r e - b y f i r s t e x p a n d i n g t h e s i n g l e -
k , u  
p a r t i c l e w a v e f u n c t i o n s i n t e r m s o f f r e e - p a r t i c l e e i g e n f u n c t i o n s 
a n d e v a l u a t i n g t h e e x p a n s i o n c o e f f i c i e n t s t o f i r s t - o r d e r u s i n g t i m e -
d e p e n d e n t p e r t u r b a t i o n t h e o r y . 
A s s u m e t h e e x p a n s i o n =
 I U{t) * i ( V ~ r " V * . ( A - 2 2 ) 
T h e H a r t r e e e q u a t i o n i s t h e n w r i t t e n 
{ - V s - X e $ ( r , t ) e y t } , J , . ( r , t ) = i * ^ , i ) . ( r , t ) , ( A - 2 3 ) 
w h e r e t h e t e r m e ^ ( y a s m a l l p o s i t i v e c o n s t a n t ) h a s t h e e f f e c t o f t u r n ­
i n g o n t h e p e r t u r b a t i o n i n t e r a c t i o n $ . S u b s t i t u t i n g t h e e x p a n s i o n f o r u). 
i n t o E q . ( A - 2 3 ) o n e g e t s 
V % i ( k . r - u u t ) , V Y t
 r i ( k • r - u  t) , A -> „\ L I e l - - \ ^ e$ey f^e x l I . ( A - 2 4 ) 
I I 
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T h e p o t e n t i a l $ ( r , t ) c a n b e w r i t t e n 
* < r . t ) = H V a / e i ( & , , ; + a / t ) • ( A " 2 5 ) 
k ' u i ' 
U s i n g t h i s e x p r e s s i o n f o r $ , m u l t i p l y i n g E q . ( A - 2 4 ) t h r o u g h b y 
- i k • r 
e m a n d i n t e g r a t i n g b o t h s i d e s o v e r t h e v o l u m e V , o n e o b t a i n s 
f = " ) ) f e §.-
 r . e m I
 1
 . ( A - 2 6) 
I uu 
N o w c o n s i d e r t h e u s u a l e x p a n s i o n f o r f , 
f = £ \* • ( A - 2 7 ) 
I 
s = 0 
E q u a t i o n ( A - 2 6 ) b e c o m e s 
V f ( s ) 1 S = - -± ) Y V f i S ) X S e $ r r , e 1 ( V " V ZL, m iftLLLl k - k . o j 
S S I (JU ( A - 2 8 ) 
• (0 ) 
T a k i n g o n l y t e r m s n o t i n v o l v i n g X o n e f i n d s f ^ = 0 ; a s s u m i n g t h e 
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s y s t e m t o b e i n i t i a l l y i n a s t a t e " j " c h a r a c t e r i z e d b y w a v e v e c t o r k. 
a n d f r e q u e n c y UJ. o n e c a n w r i t e f ^ = 6. • T h e t e r m s i n v o l v i n g X J I J I 
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T h i s e q u a t i o n c a n n o w b e s o l v e d f o r h y i n t e g r a t i n g o v e r t h e t i m e 
v a r i a b l e . T h e l i m i t s o f i n t e g r a t i o n a r e c h o s e n t o b e -oo a n d t , a s t h e 
v t 
t e r m e ' f o r c e s t h e p e r t u r b a t i o n t o d i s a p p e a r a t t = -oo . T h e r e s u l t 
o b t a i n e d i s 
$ k - k „ • ' e ( u ) l - ^ + ^ ) t (1 ) V1 I i J 
f u , = ) - - i , ( A - 3 0 ) 
1
 , E - E . + MUJ ' - i Y ) 
OJ l J 
w h e r e y h a s n o w b e e n n e g l e c t e d i n t h e e x p o n e n t i a l a n d ft a n d ft UJ. 
h a v e b e e n r e p l a c e d b y t h e f r e e - e l e c t r o n e n e r g i e s w h i c h d e p e n d o n t h e 
r e s p e c t i v e w a v e v e c t o r s k a n d k. . R e c a l l i n g t h a t f - f ^ + Xf ^ ^ + -^ t J 1 1 I 
V. c a n be e x p r e s s e d t o f i r s t o r d e r as J 
i [ k • r - (ui-uu'Jt] 
( A - 3 1 ) 
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H a v i n g o b t a i n e d uj. , i t i s p o s s i b l e t o c o m p l e t e t h e c a l c u l a t i o n o f e,-
J k , tu 
u s i n g E q . ( A - 2 1 ) . T h e p r o b a b i l i t y d e n s i t y f o r t h e j t h e l e c t r o n | i|r . | 2 
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+ 
* - i ( k , - k. ) . r - i u j ' t 
e $ - - , e <t j e 
V k j > U J 
E - E . + ^ ( U U / + i y ) 
J 
]} 
I n t h i s e x p r e s s i o n t h e t e r m s i n v o l v i n g X 3 h a v e b e e n n e g l e c t e d , a n d X 
i s h e n c e f o r t h s e t e q u a l t o u n i t y . T h e k , uu c o m p o n e n t o f j ty. | 2 c a n n o w 
b e e v a l u a t e d d i r e c t l y u s i n g t h e d e f i n i t i o n ( A - 1 8 b ) a n d t h e o r t h o g o n a l i t y 
o f t h e f r e e - e l e c t r o n e i g e n f u n c t i o n s . 
e $ - e $ -
k , uu , - k , -uu 
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( A - 3 3 ) 
N o t i n g t h a t $
 r = $ .- o n e c a n w r i t e 
- k , -uu k , uu 
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S u m m i n g o v e r a l l e l e c t r o n s a n d s u b s t i t u t i n g i n t o E q . ( A - 2 1 ) , t h e c o m ­
p l e x d i e l e c t r i c c o n s t a n t c a n b e w r i t t e n 
- l
 +
 8 T T M E S
 ^ R - L. I 
ft2k2V L I k 2 + 2 k . k . + — ( U U - i v ) + k 2 " 2 k • k \ ^ ^ ( U U - i Y ) J ' 
j J ^ J h 
( A - 3 5 ) 
R e p l a c i n g t h e s u m o v e r p a r t i c l e s b y a s u m o v e r s t a t e s a n d d e f i n i n g 
F ( E ) t o be t h e n o r m a l i z e d d e n s i t y o f s t a t e s i n t h e u n d i s t u r b e d p l a s m a , 
o n e f i n a l l y g e t s 
1 +
 ~fJT^~ L F ( E n ) {
 k
2
 + 2 k . k + i 2 1 ( ( J J - i v ) + 
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n n ft n ft 
( A - 3 6 ) 
w h e r e JJ i s t h e c l a s s i c a l o s c i l l a t i o n f r e q u e n c y o f t h e g a s g i v e n b y 
? 4 n e 2 N 
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T h i s r e s u l t f o r t h e c o m p l e x d i e l e c t r i c c o n s t a n t i s t h e s a m e as 
69 
t h a t o b t a i n e d b y L i n d h a r d , a n d e x c e p t f o r n o t a t i o n a l d i f f e r e n c e s i t 
85 
i s i d e n t i c a l t o R i t c h i e ' s e x p r e s s i o n . T h e d i e l e c t r i c c o n s t a n t t h u s 
c a l c u l a t e d h a s t h e p r o p e r t y t h a t i t m a y b e e m p l o y e d f o r a n y v a l u e o f 
t h e w a v e v e c t o r k a n d i s c a p a b l e o f d e s c r i b i n g b o t h t h e c o l l e c t i v e p r o p ­
e r t i e s o f t h e e l e c t r o n g a s a n d t h e p r o p e r t i e s o f t h e i n d i v i d u a l e l e c t r o n s 
i n t h e g a s . 
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